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ABSTRACT
In this work, the feasibility of applying surface engineering technologies to enhance
life of coinage dies has been investigated. This project was essentially conducted in
four stages or phases.
The first phase of this investigation involved microstructural characterisation,

fractographic examination and, hardness measurement of six different tool steels, as pa
of the screening program to select the best tool steel(s) for further processing. The
steels were characterised, in terms of size, shape and morphology of carbides,
inclusions, and porosity. The steels were screened according to the requirements at
Royal Australian Mint (RAM) for coinage dies e.g. cleanliness and homogeneity of

microstructure free from large carbides, pores, cleanliness, hobbability, polishability
impact strength, coinability, cost, and suitability for the surface coating/treatment.
In general, the most uniform and homogeneous structure was observed in the Viking

steel (double electro-slag refined shock resistant tool steel supplied by ASSAB), which
had no trace of banding and was largely free from undissolved primary carbides. This
steel was very clean and only a few non-metallic inclusions were noted and was deemed
to meet the stringent standards of cleanliness, homogeneous structure free from large
carbides, pores, and high impact strength required for coinage dies. Furthermore, the
fact that Viking tool steel is capable of being tempered at high temperature (540°C),
thus allowing the application of surface engineering technologies such as Plasma
Immersion Ion Implantation (PI3) and Physical Vapor Deposition (PVD) coating,
rendered it the most suitable contender for proof dies.
The Viking tool steel was subsequently treated/coated by PI (a non-line-of-sight
nitrogen implantation process developed by Australian Nuclear Science and Technology
Organisation and referred to as PI3) and Titanium Nitride (TiN) coated by PVD

II

processes, using a commercially available process (Balzers) and a prototype system

generically referred to as "Filtered Arc Deposition System (FADS)" in phases II and
respectively. In phases II and III, a thorough microstructural and tribological
characterisation was conducted to find the optimum processing parameters for PI3
treatment and TiN coating.

It has been demonstrated that the PI3 process is capable of implanting nitrogen ions

concentrations and depths required for surface engineering of tool steels. Wear tes
conducted using a ball-on-disc tribotester demonstrated that implantation induces

improvements in wear behaviour of Viking tool steel. Specifically, whilst a typical
implanted disc would wear by a grooving/oxidation mode a typical implanted one

would experience very mild polishing wear and exhibits great resistance to scratchi

A degree of roughening was observed on all PI3 treated samples, primarily associated
with the sputtering effect of high energy impact of nitrogen ions.
Tribological behaviour (friction and wear) of TiN coatings applied by the Filtered

Deposition (FAD) and Balzers processes were studied using a ball-on-disc triboteste
In general, TiN coatings experienced more wear at low load than the un-coated
specimen. No protective oxide layer was observed on TiN coating at low load and a
polishing/burnishing wear mechanism was operating. In contrast, at higher load a

protective oxide film was formed and resulted in a very low wear rate. This protect

oxide layer was, in turn, supported by the TiN coating. Therefore, even at higher l
the oxide film was not ruptured and extremely low friction-low wear regime was
maintained throughout the test. An extensive coating optimisation programme

established the influence of substrate bias voltage on coating adhesion and propert
The best properties for FADS coatings were obtained at a 100 volts bias voltage.
The final phase (IV) of this investigation was concerned with the evaluation and
performance assessment of surface engineered coinage dies to produce production

Ill

(circulating) and proof (numismatics) coins. O p t i m u m process parameters for PI 3
treated and TiN coatings were utilised to treat/coat 5 Cents production and 10 Cents
proof dies. Extensive coining trials in comparison with the standard hard chromium
plating enabled the performance ranking of each surface treatment/coating.
In the case of production dies, the main life determining damage and/or failure
mechanism can be generally classified as substrate cracking (fatigue), abrasive
(ploughing) and adhesive (galling or material transfer) wear. Substrate cracking was
dominant mode of failure. Cr-plated dies were prone to cracking, and exhibited
moderate ploughing (abrasive wear) and galling (adhesive wear). The high internal

stress, crazed pattern and poor adhesion of Cr-plating could all combine to reduce it
resistance to cracking. In addition, the moderate hardness of Cr-plating incurred
moderate resistance to ploughing.

PI3 treated dies, although are harder than Cr-plated dies, still showed severe plough

due to a large amount of exposed inclusions on the surface of the dies. TiN coated di
produced by Balzers process, exhibited pin holes and macroparicles and generally
yielded a performance inferior to Cr plating.
In the case of proof dies, a significant improvement (almost by a factor of 5 times)

the die life was obtained for coating deposited by FADS compared with Cr plated dies.

These coatings replicated the original finish and had high hardness and good adhesion
which substantially reduced the extent of abrasive and adhesive wear processes.
However, it was found that the FADS process employed in this work was rather
irreproducible and inconsistent. It is believed that future improvements and
modifications in design, process monitoring and control should enable deposition of
coatings with repeatable and predictable properties, hence, resulting in significant
reduction in producing proof coins.

IV

Introduction
Since the beginning of the recorded history approximately 4000 years ago, the coin

been a reliable reference to the passing years 0)- a looking glass through which we

trace changes in society, culture and technology. Much has changed over those years

due to vigorous competition between the coin making technologies, which has reached

high level of productivity. The employment of very fast presses, capable of produci
coins up to 650 strokes/min, and together with the use of materials which are more
difficult to press, for instance, bimetallic (stainless and Al Bronze) blanks used

coin and Aluminium Bronze which is used for Australian $1 and $2 coins), requires d
which have been carefully designed and made from highest quality tool steel. The

greatest demands are placed on production/proof coining dies, since long life of th
components is required to minimise tooling costs per part.

To reduce the cost of manufacturing coins, a continuing effort has been made by the

mints all over the world, to find better and cheaper ways to make a die with superi

life. The difficult tasks, in preparing a suitable tool material is to make a compr

between all of the required attributes (fatigue, corrosion, friction and wear resis

a die material to obtain the most suitable, best all-round material. In recent time
surface engineering of dies has received serious attention as a viable approach to
increase the die life above that achievable by the best tool steels.

The major thrust of this project was to systematically assess the suitability of se
surface engineering technologies such as Plasma Immersion Ion Implantation (PI3)
treatment, and TiN coatings deposited by physical vapour deposition (PVD)

technologies to further improve the die life. In the following chapters the differe
stages of this project are presented.

V

In Chapter 1, a detailed account is given of the historical progress in manufacturing

aspects of coin making. Particular emphasis has been placed on the requirements of t
coinage dies, blanks materials and the stringent requirements of tool steels to be
employed for this purpose.
In Chapter 2, a comprehensive summary of the principles of operation and salient

features of surface coatings/treatments has been presented. In addition, the tribol
behaviour of materials and interactions between the die and blank have been treated

sufficient details to highlight the requirements for candidate surface treatments/c
in increasing the die life is presented in Chapter 3.
Chapter 4 presents the experimental procedures, which described in detail various

instruments and process parameters, used to complete this work. These were consisted
of microstructural examination, surface roughness determination, hardness
measurements, and, pin-on-disc wear testing.

In chapter 5, the rationale for the selection of candidate tool steels, suitable fo
treatment/coating has been discussed. An extensive screening program was undertaken

to select the most promising tool steels for further processing. The screening progr

consisted of fractographic examination, microstructural characterisation and hardnes
measurement of six different types of tool steels. A range of tool steels were

characterised, in terms of size, shape and morphology of carbides, inclusions, poros
and their effects on the fracture behaviour. On the basis of these findings, and

considering the other requirements for coinage die steels eg., cleanliness, homogene
structure free from large carbides, pores, temper resistance and the cost, the most
promising tool steel was selected.

VI

The next stage of the investigation presented in Ch. 6, which involved the evaluation of
the effect of Plasma Immersion Ion Implantation (PI3) treatments on the surface

roughness, microstructure, hardness, chemical compositions, and tribological propert

of tool steels. The PI3 treatments were carried out at low (200°C) and elevated (400

temperatures to ascertain the influence of treatment depth on the load bearing abil
the surface. Hence, the tribological properties of implanted surfaces were assessed
using a pin-on-disc tribometer.
Chapter 7 presents the evaluation of the PVD TiN coatings, using a commercially
available technology (Balzers) and an emerging technology dubbed as "Filtered Arc
Deposition System" or FADS. In each case, the surface appearance and roughness,

hardness, adhesion, thickness measurement and tribological properties of TiN coating

were assessed. In addition, a systematic investigation was carried out to optimise t
deposition parameters for the FADS.
The final part of this project (Chapter 8) was primarily concerned with the service
of production (5 Cent denomination) and proof (10 Cent denomination) coinage dies,

respectively. The die steels were surface engineered under three different condition
PI3 treatment, Chromium electroplating and PVD TiN coatings. In particular, the

surface integrity of treated/coated and plated dies were evaluated and the predomina
failure modes were determined.

Finally, the main conclusions from this work, together with the practical implicatio
and recommendations are summarised in Chapter 9.
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1.0. MINT
1.1. HISTORY of COIN MAKING
Encompassing world history from the time of the Lydian, Persian, Greek and R o m a n
Empires up to the present day, coins have been determining the events that happened in
the world and still retain their link with the ancient barter system. Since the beginning
of time, m a n has traded goods and services with his fellow m a n by some means of
payment. A n early form of exchange used by the Ancient Romans were rectangular
lumps of cast bronze, used for trading purposes about 300 B C .

K n o w n as Aes

Signatum, these heavy bars carried various designs; some of which depicted likely
goods they could exchanged for, such as livestock (pigs, cattle etc), grains and
weapons. Interestingly, the Latin word for cattle is pecus. Later the Romans adopted
the word to pecunia, meaning money . Today, w e still use the word pecuniary.
(1-2)

It is established

that the fabled King Croesus of Lydia was the first King that

invented coins between 561-546 B C . H e is also credited with the diminished used of
electrum (naturally occurring alloy of gold and silver available in abundance) as a raw
material because of its varying composition. The coins were produced by placing a
gold blank on top of a bottom die which was driven into a block of wood, then placing
the top die over the blank and striking it with a hammer. The dies were made with
crude iron so that they were easy to prepare, but as a result they did not have a very
(2)

long life . This same technique, with some refinement throughout the years was the
basic method of producing coins until the 17th century.
The conqueror of the Lydian Empire in 546 B.C, King Cyrus of Persia, did not issue
(2)

any coins during his reign . However, his successor, Darius the Great (521-486 B.C.),
issued the first official coins, which were guaranteed by a state authority and monarch
to pay his soldiers. Darius the Great is also credited with the deliberate use of an
additional alloying element ( 3 % of base metal) which resulted in harder, longer lasting
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coins. He decreed that the gold daric, which derived from the Persian word dara,
meaning King, should be used without any changes and his successive rulers adopted
this for over 200 years. . Figs. 1.1 (a-c), shows ancient hand-made coins with an
irregular shapes.

a) Persia, Darius the Great (521 -486 B C )

c)

b) Macedon, Philip II (359-336 B C )

British, Edward III (1327-77)

Figs. 1.1 (a-c). Showing historical coins (Persian, Macedonian and British)"
1.1.1. Evolution in Coining Process
(2,3)

The next major chapter in the evolution of coinage is given to the ancient Greeks

.

They took the basic shape and manufacturing principle from the Lydian and over a

period of some 300 years produced coins of such excellence that the period is still
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referred to as the classic period of coinage. They produced a wide-ranging series

coin designs which paid tribute to their religious and material life style. As Gre

began to fade from its position of prestige by about 200 BC, the might of Rome was

developing to fill the gap. The Romans followed the Greek coinage tradition but wi
less artistic merit and more as a tool for trading goods (businesslike). They saw

coin as an article designed for specific job, such as purchasing goods only. Follo

the decline of Greece and Rome, the art of coin making was all but forgotten. Wars
(1 3)

plague and famine resulted in a Dark age

. A s a result of all this strife, trade between

nations dwindled away and coinage in quantity and quality was not required.
With the advent of the Renaissance (awakening) period in the 13m century, the
manufacturing technique for coin making was advanced in Europe, Fig. 1.1 -c. The

Italians resurrected the art of fine coin making. Some of the most famous people o

time, such as Benvenuto Celleni and Leonardo da Vinci contributed to the evolution

coinage at this time. They designed coins for Kings, Popes and Ruling Families. In

fact the Vatican and several rich merchant families were responsible for the issui

some of the most beautiful coins during this period. As an example, on the enginee

side of the coinage, Leonardo da Vinci drew plans for an automatic planchet cuttin
machine, that long before engineers had the mechanical means of making such a
machine .
(2-4)

While all these individually interesting coins were being struck by hand

, using

techniques which had changed little from the ancients days, the very method of

manufacturing was starting to change. The effect of the Renaissance was felt in ma
forms of activities and this dawning very quickly changed the methods of minting.

early form of coin making was very primitive, the coins were produced by hammering

the dies on the blank. As a result, neither the iron nor the steel of the die shan
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stand these heavy blows. The evidence of this can be deduced from an examination of
dies still in existence today in German museum, Fig. 1.2.

(4)

Fig. 1.2.

Showing deformed dies as a result of hammering

By the late 15m century, the increasing demand to produce more coins, led to the
development of the screw press which changed the future of the minting processes
(3,4)

forever

. T w o m e n worked the arms of the screw press to provide the required force

to strike the blank, while a third person replaced a freshly minted coin with anoth
blank.
However, it was not until mid 17m century, that a series of sweeping changes known

collectively as the Industrial Revolution had completely replaced the use of the s
press in coin making applications. The development of the steam press (Fig. 1.3),
(2-4)

the world most remarkable and efficient presses

Fig. 1.3.

A steam driven coining press of 1823
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However, due to the increases in coining rate, the die life reduced considerably

Thus, the first scientific inquiry into the blend of constitutes in steel for coi
was carried out in 1823 by the leading chemist of the day, William Brande .

Although, Brande's investigation led to an increase in die life, but it was not u

that investigation by Chandler and Austin working in the Royal Mint in London, le

to discovery of microstructure in steel, now known as the Austenite phase. They w
able to determine the chemical constituents which make a steel more suitable for

coinage dies. The desirable composition was found to range around 0.8% carbon, 0.
manganese and rather less than 0.1% silicon to each 1000 parts of iron.

In 1890, the development of an apparatus known as a reduction die machine complet
the transition to mechanical machines forever changing the design, concept and
production of the coining process. The reduction machine was capable of reducing

cast model of the size of dinner plates down to the proportion required for the c
die. Today, this type of machine has a metal stylus which traces the contours of

design from a cast model (epoxy resin) mould, working out from the centre in ever

increasing circles. Then, the contours are accurately transferred by a cutting to

a fully annealed (soft) steel block, which are much smaller than the original des

This technique of producing a reduction die from cast model mould has been used i

the mints all over the world with a few refinements up to the present day, Fig. 1
more detail description of die design and preparation can be obtained in section

It should be noted that the advances in computer technology in 80 and 90s has fur
developed the reduction die machine. Today, the reduction machines are fully
computerised, which eliminates the use of drawing the design by hand and hence

engraving the design on epoxy resin mould. Now, it is possible to scan the design

change it into the three dimensional geometry and consequently with use of comput

aided design calculate the highest and lowest points on deign and hence the conto
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are accurately transferred by a cutting tool onto a fully annealed steel block wit
CNC machine.

Fig. 1.4.

Showing a reduction punch machine (top), and metal stylus tracing the
contours of the design and/or effigy (bottom).

1.2. METAL FORMING
Metal forming is the oldest and most mature technology used to fabricate metal

products; the others are casting and powder metallurgy . In metal forming, the sta
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material has a relatively simple starting geometry, and is then plastically deformed in
one or more operations into a product of relatively complex configuration. Metal
forming, produces parts of superior mechanical properties with minimum waste of
material, however the tooling costs are generally high. This makes most forming
processes attractive only when a large quantity of parts is to be produced and/or
the mechanical properties required can only be achieved through forming .
Altan describes the principle variables of a metal forming process as;
• the characteristics of the forming equipment,
• tooling geometry and materials,
• the flow behaviour of the formed material under processing conditions,
• the mechanics of deformation,
• friction and wear,
• the product geometry, tolerances, surface finish and mechanical properties, and
• the effect of the process on the environment.

This thesis will be examining many of these variables in relation to a specific me
forming process and coining.
1.2.1. Coining Process
In coining, the blank (work piece) is pressed between two dies so that the entire
area is simultaneously loaded above the yield strength. To achieve the desired

deformation, the load determined from the compressive yield strength must be incre

three to five times™ Table 1.1., displays the relative press tonnages required for

forming operations for a range of die denominations at the RAM. The expected coina
tonnage for striking a coin is dependent on;
• the design and convexity of the coinage die
• the thickness and diameter of the blank
• the hardness of the blank
• the type of presses used to strike coins

For instance, the blank with a larger diameter and a die design with a higher conv

will require a higher coinage tonnage. Furthermore, the coinage tonnage for pure g

and silver with a hardness of 30-40 Hv being very low as compare to metals such as
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Cu/Ni and Al/Br with a hardness of 85-95 Hv. This means that metals such as gold and
silver can deform leniently during coining operation as compare to the harder and
tougher metals such as Cu/Ni and Al/Br (80-95 Hv) which are more difficult to deform
plastically.
Table 1.1.
Die
denomination
5 Cent
10 Cent
20 Cent
50 Cent

$1
$2
*$5
$10
$100

Cold forming tonnages
Blank
Blank
materials diameter
Cu/Ni
Cu/Ni
Cu/Ni
Cu/Ni
Al/Br
Al/Br
Bimetallic
Silver
Gold

19.40
23.43
28.30
31.29
24.63
20.13
27.65
33.44
24.93

for the circulating and proof dies, respectively.
Blank
hardness
H v (10)

95
95
95
95
80-90
80-90

165
60
60-70

Proof dies
relative press
tonnage
40x4
60x4
110x4
160x4
80x4
60x4
N/A
140x4
70x4

Circulating
dies relative
press tonnage

40
65
130
145
60
40
100
150x2
N/A

*Made from two different metals, the inner disc is Al/Br and outer disc is Cu/Ni or
stainless steel.

Due to this high impact loading and the small surface area, press loading for coining

very severe. Overloading of the press can occur if more than one blank is fed into th
press at any one stroke. This can result in a broken press and/or at the very least,
damage to the dies. Most modern presses (mechanical and hydraulic) utilise overload
safety mechanisms and sophisticated blank feeding procedures to cope with production
(-)

rates as fast as 650 strokes per minute
Drop hammer, screw, mechanical and hydraulic presses can all be used for a
satisfactory coining operation. During the coining, metal movement is accomplished

during a relatively short portion of the stroke, so the load is only required for a s
time during the pressing cycle(5"'10).

1.3. BLANK MATERIALS

Copper, Silver, Gold metals and alloys have excellent coinability, and have been used
extensively in the manufacture of coins and medallions. In their pure form copper,

silver and gold are very soft, which makes them ideal for forming operations, but the
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practicality is limited due to their low wear resistance. Important coining meta
therefore prepared by addition of alloying elements to improve final hardness

characteristics and also to enhance the corrosion resistance. These different al

used extensively in the minting of coins, and are generally colour classified in

groups; the white, the brown and the gold alloys. The more common of these alloys
listed in Table 1.2.
Table 1.2. Common Coinage Materials
White
Gold
Brown
99.9 Fine silver
24 Ct
Copper
92.5 Stirling silver
22 Ct
Brasses
80/20 (Ag/Cu)
Alum/bronzes
Bronzes
Cu-plated zinc
Nickel
Cupro/Nickel (75/25)
Aluminium alloys
Stainless steel (304L)
In Australia, the Cupro/Nickel (Cu/Ni) alloy with a composition of 7 5 % Cu, 2 5 % Ni

has been widely used for the minting of 5, 10, 20 and 50 Cent coins for many year

Also, aluminium-bronze (Al/Br) alloy with a composition of 92% Cu, 6% Al, 2% Ni (

has been used extensively due to its colour, resistance to tarnishing and suitabl

coinability for the minting of $1 and $2 coins. However, a more recent developmen

the minting has been towards the compound and/or bi-metallic coins, made from two

distinct metal colours, the blanks are made up of an inner disc of one alloy (Al

outer ring of a second alloy (Cu/Ni and/or stainless steel). The manufacturing of

metallic coins can be relatively expensive but have the benefit of being very har

counterfeit and is usually justified only for the higher denominations such as $

When choosing a new alloy for coins, many factors have to be considered. It is no

proposed to cover them all in detail here, but it is worth listing the more impor
considerations. These are as following;
• Colour
• Weight (specific gravity)
• Tarnish/corrosion resistance (retention of appearance)
• Hardness (as annealed condition and after coining)
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• Metal cost, availability
• Production cost (melting, rolling, annealing, coining and including die wear)
• Physical properties (resistivity and magnetic properties)

It can be seen that these qualities, as well as cost, ease of supply and cost of process
equipment are all considered when choosing a metal for a coining operation.
1.3.1 Coins Classification
The RAM produces three types of coins;
• Circulating,
• Uncirculating, and
• Proof coins.
Other items such as medals, medallions and tokens are also produced by the RAM.
Circulating blanks are bought by the RAM from overseas suppliers and the precious
metals are purchased from Australian suppliers.
Depending on the type of metal to be coined for specific applications (proof,
uncirculating and circulating), and the severity of the coining operation, the metal
blanks undergo one or more stages of preparation before minting. In general, care is
taken in the preparation of uncirculating and proof blanks. Fig. 1.5, shows a typical
blank, preparation for uncirculating and proof blanks.

Fig. 1.5.

Blanks preparation procedure at the Royal Australian Mint.
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1.3.2. Circulating Coins
Circulating coins are used every day for purchasing low value goods. They are mass
produced at a rate up to 650 coins/min. Circulating coins tend to loss their shiny

surface very quickly as a result of wear and tear. Generally, the preparation of th

circulating blanks is less critical than proof and uncirculating blanks. Blanks are
normally rimmed, annealed, burnished and coined. The recent trend in coining

operations in Australia is to purchase the blanks in a condition ready to coin. Thi
mainly, due to the high labour cost of blank preparation in Australia.
1.3.3. Uncirculated Coins

Uncirculated coins are also mass produced, on average 20000 coins/day, using genera
circulating dies that have been carefully finished. The blanks used are normal
production (circulating) coinage blanks which undergo similar treatment to proof

blanks, except that they are not pickled and burnished. Thus, the uncirculating bla

are prepared almost in similar way as the proof blanks which have almost the highes

quality finish as to proof coins, but they are less expensive to purchase than proo
1.3.4. Proof Coins

Proof coins are struck from highly polished dies which are individually hand polish

under a microscope, using very clean and high quality steels. Proof dies strike, on

average, only 300 coins per day. The dies in the field areas (flat background) of t

coin has a mirror-like finish and the raised design is delicately frosted. The bla
also prepared on special way to have a very smooth, clean and bright surface. The

proof blanks are slightly heavier than the circulating and uncirculating blanks. T

normally rimmed in the as received condition, cleaned using a vapour degreaser, aci
pickled, vacuum annealed, burnished, second pickled, dried and coined.

3 0009 03246996 2
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BLANKS PREPARATION

1.4.1. Rimming
Rimming is another type of cold forming process which involve squeezing and/or

shaping the edge of the blank that it forms a bulge. The bulge or rim in metal will

make sure that enough metal is available at the edge of the blank to reduce the amo
of metal flow required during the coining operation Fig. 1.6, shows a typical
rimming configuration.

(ii)

Fig. 1.6.

Rimming shapes

The diagram above shows two possible edge profiles of a blank. The dotted line

indicates a wedged shaped profile, which makes more metal available at the edge of
the blank, as compared with the dumbbell shaped profile which makes more metal
available at the centre.
1.4.2. Annealing
Annealing is normally carried out at elevated temperature to homogenise the

microstructure of the blanks, increase the grain growth which will ease the flow o

materials during coining operation and reduces the mechanical property of the bla

such as yield, elasticity and hardness to an acceptable range which can be presse
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the coined design without damaging the dies. For steels, a grain size no coarser tha
(7)

A S T M N ° . 6 is recommended for coining . In minting operations at the R A M , the

annealing operation for the circulating coins is normally carried out in an electri
furnace under control nitrogen gas atmosphere However, the proof and
uncirculating blanks are annealed in a vacuum furnace, followed by acid pickling,
burnishing and coining operation. The advantages of vacuum annealing, as compare to

electric drum furnace is to control and prevent the formation of the oxide films dur

treatment cycle (850°C). Nevertheless, both annealing processes will ease the flow o
the materials and improve the metals coinability.
1.4.3. Pickling
Pickling process is used to remove the metal oxide, contamination and rolling marks
from the surface of the proof and uncirculating blanks. This process considerably
improves the surface quality of the blanks and increases the die life. At the RAM,
normally between 15-20% nitric acid, 30-35% acetic acid and 40-45%) phosphoric acid
in concentration is used to remove surface contamination from the surface of the
blanks.
The pickling time and temperature will also determine the success of the coining
operation. Insufficient pickling time or temperature will allow the adherent film

materials to transfer to the die surface during the coining operation which drastica

reduces the die life and increases the rejection rate. On the other hand, over pick

the blanks either by increasing the pickling time or temperature will remove the mat

materials quite rapidly and expose the grain size, which increases the surface rough
of the blanks and consequently, reduces the die life.

1.5. COINING PROCESS
Coining is a cold forming and/or a metal squeezing operation which involve stamping
the coin in a die cavity formed by two dies coming together against a blank (work
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piece) which are confined by a tool called the collar. This results in a well defined
(7)

imprint of the die on the work piece . In coining, the surface of the blank copies the
surface detail in the dies with excellent dimensional accuracy that is very hard to

achieve with any other process. It is because of this accuracy and reproducibility that
the process is used for minting coins.
Coining pressure in Minting application is generally dependent on the type of metal to
be coined, design and the die denominations. For instance, the coining pressure for
materials with a larger diameter and thinner thickness is quite high, because the
material being formed is thin. However, since the movement or flow of the metal
during forming is normally small, the energy required is far less than for other types
r • +- (10)

forming operations

1.6. COINABHJTY of METALS
The choice of metal to be coined is very important, since the mechanical property of

the materials will affect the loads encountered during coining by both the press and th

dies, the life of the dies, and the suitability of the product (coin) for its end use (
wear and tarnish resistance, colour, density/mass and etc).
In coining, deformation of the work piece (coin) is accomplished largely by a
compression strain cycle, which leads to a progressive increase in compression flow
(7)

strength as the deformation progresses . The deformation strengthens the coin, which
results in a product that has good bearing properties and wear resistance. However, it
also increases the area of contact between the die and the work piece which increases

the difficulty of radially displacing the metal. It should be indicated that a signifi
(7)

radial displacement is suitable only for relatively soft metals such as silver .
Coinability ratings of metals and alloys are difficult to establish since the coining
operation itself, in terms of the amount of necessary deformation, will determine the
loading required during the process. For simple die contours, coining loads can be
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determined readily, but for complex incision designs, coining behaviour is a function of
(7)

both the strength and deformation characteristics of the metal . Often the coinability

of a metal is established by the properties of the blank materials and the difficult
encountered in preparing the blanks for coining. This means that the blanks surface
should be clean from oxide films, surface contamination and rolling marks. Thus, a
proper annealing and pickling of the blanks is of paramount importance.

1.7. CRITERIA for DIE MATERIALS
The process of coining is limited by the loads that the coinage dies will withstand

compression before deforming . Deformation of the dies can result in dimensions that

are out of tolerance in the work piece, as well as premature die failure. Hence, the
requirements for a suitable steel for coinage dies, as set out by Pototschnig , are
conflicting and usually a compromise must be made between hardness, and toughness

(the ability to absorb impact energy). Thus, the die steels must have good hobabilit
machinability, hardenability, and polishability from the standpoint of toolmaking
and, high wear resistance and low crack sensitivity from the standpoint of
application. Finally, the cost of purchasing from the standpoint of profitability.
1.7.1. Hobability

Hobbing is a process whereby the coin details from master die (hardened and tempered

condition) are transferred to the working die (in the annealed condition) by a press
The Hobability of die steel is dependent upon;
• chemical composition,
• as-annealed structure, and
• hardness of die steels.

To meet these requirements, tool steels are supplied in the spheroidized condition w
(7)

an even distribution of spheroidal carbides . This provides good machinability, by

allowing easy chip breaking and reduced tool wear. In addition, the low yield streng
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in the fully annealed condition guarantees good flowability and, therefore good
hobability.
1.7.2. Polishability

Polishing is a repetition of the process which gradually removes the crest of the surfa

asperities and the levelling the work piece surface. Polishability of materials depends
on the homogeneity and cleanliness of the metal, which can be controlled through

secondary metallurgical processes, such as vacuum arc remelting, electro slag refining,
vacuum degassing and vacuum induction melting. The removal of unwanted trace
elements such as sulphur, oxygen and hydrogen, as well as non-metallic inclusions,
allows a highly polished surface free from "comet tails" . Comet tails can occur on
a polished surface which contains non-metallic inclusions. This type of defect

produces a die that is unsuitable for use, as the comet tails will be impressed upon th

work piece during coining. Small comet tails can in fact be tolerated for the productio

of circulating coins, but they are unsuitable for proof coins, which require a flawless
highly reflective surface.

The hobbability and polishability of some high alloyed steels and high speed steels wit
a large chromium carbides, have rather limited minting application. This is due to the
fact that the carbides are considerably harder than the matrix of the steel grade and
either by further heat treatment at elevated temperature or several rolling processes
cannot be dissolved or break up. Thus, these steels are classified as difficult to hob
polished.
1.7.3. Harden ability
The hardenability of the steel is determined by its austenitic grain size, alloying
(14)

elements of steels such as carbon, chromium and manganese contents

. However,

other alloying elements are also influence on the hardenability of the steel. A moderat
and/or high hardenability is desirable in steels, because, this allow the structure of
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steel to be transformed completely to martensitic on quenching and reduces the

of retained austenite. It is believed that the best combination of properties (
ductility) can be obtained with a steel having a high hardenability . Thus, the
dies must possessed high hardenability and wear resistance, since the accuracy

detail will decrease with increasing wear. It is demonstrated that the wear res
can be improved with increases in the hardness and increasing carbide content
1.7.4. Compressive Strength

Compressive strength is important for coining dies, since setting effects can oc
during coining, which rendering the die useless. In coining, the 0.2% offset
(7)

compressive yield point must not be exceeded . If these stresses exceed the

compressive strength of the material, the dies will fail by either crack format

spreading. Therefore, the die material must exhibit a degree of toughness to wit

these stresses. This can be achieved by carefully tailoring the tempering temper

for a specific application. In coinage application, the die materials should hav

sufficient hardness to resist wear and toughness to reduce the stresses during t
impact, to prevent the dies from being fractured.
1.7.5. Cost

The cost of purchasing materials is always considered when selecting tool steel

coining application. Any increases in die life, resulting from using a new mater

should be quite substantial, in order to maintain the tooling cost down per coin
1.3, shows the purchasing cost/kg for each tool steel used at the RAM.
Table 1.3.

Purchasing cost/kg for die steels.

Type of Steel
SI
S100
Viking
A6A
A2A
K190
ASP23

$ Cost/kg
14
16
17
12
10
60
56
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DIE DESIGNS

In order to transfer an initial design concept from drawing stage to the finished die
both the engraver and designer have to go through a painstaking hours of drawing,
refining the details, calculation and computation. Thus, the design concept for the

production of any coin has to be evaluated prior to coining operation and the followi
are some of the prerequisite requirements;

Estimating all the points of relief on both sides of the coin that are simultaneously
raised during striking on the press
The forces exerted by the dies during coining process and
(14)

The resulting flow of coinage metal that forms the design

These evaluations will ensure the coinability of the dies and allow the metal to flow
freely during coining operation from the centre outwards.

1.9. DEE PREPARATION

Initially, the design from pencil drawing is sculpted in shallow relief using modelli

clay or plasticine on a piece of flat glass. Then, the design is converted into shall
three dimensional reliefs and filled with plaster to form an incused (indented and

reversed and/or female) cast of the design. A second cast is made from this which rai

the design and makes it easier for the engraver to refine the details. At this stage,

artist will spend many hours to engrave and refine the design on the plaster cast. On

all the alteration and refinement on the cast model is completed, a flexible silicone
rubber casting is made from cast model. Then, this is placed on a curved steel
(convexity) plate and both are encasted in a steel rim into which is poured an epoxy

resin such as Araldite. Once, the epoxy resin cast has set hard, it is removed and us

as a template in a reduction machine to transfer the details to a soft (fully anneale

steel which is called reduction punch. The reduction punch is then heat treated (hard
and tempered) to increase the wear resistance of the reduction punch which it can be
used to hub the master die in a fully annealed condition. Hence, a similar procedure
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used to hub the master die in a fully annealed condition. Hence, a similar procedure is
used to produce the working dies. A schematic diagram of die preparation is shown in
Fig. 1.7.

Fig. 1.7.

Die Preparation at Royal Australian Mint.

1.10. CLASSIFICATION of DIES SURFACE FINISH
The RAM has three distinct die finishes for production of coins, these are namely;
• production/circulating dies,
• uncirculating dies and
• proof dies.
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1.10.1. Production Die

The production dies that used for circulating coins are the least critical in terms of
surface finish, cleanness and quality of the steel. The dies after hardening and

tempering are rough polished, hard-chromium plated (8-9 um thick), stress relieved and
coined. The production dies have to have a surface finish that is acceptable to the

public. These dies are used in the mass production, using the production presses which
(14)

are capable of producing 650 coins/min

. The dies are usually kept in operation until

the coin produced is visually unacceptable, due to the surface wear or the dies have t
be replaced due to damage or cracking.
1.10.2. Uncirculating die

The uncirculating dies are prepared in the same way as to production dies, except that

their surface finish are slightly better than the production dies. The surface finish
(13)

these dies are achieved using the following steps
Rub with a Cratex stick (extra fine quality)
Stone with a Kea C500 stone

Holes or deep scratches left after step 2 are chased out using a Gesswein finishing s
grade 3605 followed by stoning with the C500 stone in one direction only
Brushed with fine brass wire brush.

Normally, after striking a certain number of uncirculating coins, the dies are used to
produce general circulating coins.
1.10.3. Proof Dies

The proof coins struck from a very clean, good quality steels and highly polished dies
that are individually hand polished between 4-7 hours under a stereo microscope. The
(14)

mirror-like finish for these dies are achieved using the following steps
• Stone the surface to remove any surface imperfection
• Sand blast the die surface, using a 120 Zircon grit
• Using different diamond lapping paste (from 40u grit down to 1.5 u) and wooden
sticks, hand polish the field area (flat background) down to 1.5 u finish.
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• Final lap, using 1.5 u paste with a right angled dentist's drill with buffing pad
• Cover the entire die surface with the adhesive tape and then under a stereo
microscope, using a fine scalpel, cut out the areas that require to be frosted.
• Sand blast the cut areas (frosted)
• R e m o v e d tape, clean the die and chromium plate the die
• Polish the plated surface using 1.5 u m paste.
Under operating conditions, the proof dies are removed from the coining press and
repolished with diamond paste, as small radiating marks locally called stress marks
(wear debris), gradually appeared on the die surface. If the stress marks are not

removed by polishing, they can destroy the die surface. Dies can be polished few tim

depending on the severity of the stress marks before requiring stripping of the plat
(hard chrome) and refurbishing the surface follow the steps outlined above.
It is evident that many hours of preparation invested in proof dies and due to the

increasing cost of die manufacturing, mints all over the world are continually looki
for a better and cheaper ways to achieve a die with a superior die life.

1.11. HEAT TREATMENT of DEE STEELS
Pototschnig noted that the heat treatment of coinage dies consists essentially of a

hardening and a tempering process. The hardening process consists of heating the die
steels to austentising temperature, and soaking for a sufficient time at hardening
temperature (eg. 1040°C) followed by quenching. The martensitic structure achieved

in this step, exhibits a much higher hardness than the annealed condition. Then, the

tempering process is carried out by heating the die steels to, and soaking at temper

temperature with subsequent cooling in air. This process relieves hardening stresses
increases the toughness and achieves a desirable hardness.
Roberts explains that by austenitizing a high carbon, high chromium die steel at
about 930°C above its normal hardening range, large quantities of austenite can be
retained that result in low as-quenched hardness. On tempering at 537-593°C,
conditioning occurs, large quantities of new martensite are formed, and hardness
increases sharply.
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The heat treatment of die materials is a critical step in the manufacture of a die steels,
compromise has to be made between all the characteristics (see section 1.7)

required of a die material to obtain the most suitable, best all-round perfo

Thus, it is essential that only by suitable hardening and tempering, the expe
performance of tool steels can be realised.

The heat treatment of dies for minting usually takes place in-house at the R

Australian Mint (RAM), which is equipped with the best available heat treatme

facilities. However, many mints are limited by the type of equipment they po

which in turn limits the variety of materials they can experiment with for di
manufacture.
1.12. SELECTION of DEE STEELS
1.12.1. Traditional Die Steels

Until late last century, water and oil quenching steels had been the standar
(13)

materials at the R A M for coinage dies

, due to low alloying content and tempering

temperature of these steels. Their wear resistance and mechanical properties

rather limited, and the range of surface engineering technologies which coul

applied without having a detrimental effect on the substrate was severely re
These steels were ideally suited to the coining processes of the 1960's and

were not as fast or as automated as they are today. The main steel grades th
used for die manufacture during this period are outlined in Table 1.4.
Table 1.4.

GRADE
W1A11
OlA
H13A
A2A
D3A

Main steel grades for coining processes by Conran
C
1.10
0.90
0.35
1.00
2.25

Mn

Cr

0.30
1.00

-

0.50
5.00
5.00
12.00

-

Mo

V

-

-

-

0.50

-

-

-

1.00

-

1.50
1.00

-

-

-

W

-

USE
production dies
master tooling
coining collars
press tooling
press tooling
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These steels were all produced by pre-ladle metallurgy technology, and as a result t

performance of these steels was hampered by the high levels of trace elements and no
metallic inclusions on the die surface which reduced the die life .
1.12.2. Latest Die Steels
Advances in coining technology have gradually seen the advent of more sophisticated

and automated high speed coining presses (mechanical and hydraulic) which has placed

new demands on tools. As a result, the type and quality of die steel had to be exami

for its ongoing suitability. Thus, much experimentation and investment by internati

steel suppliers and the Mints have led to a wide variety of high alloy tool steels b
(17)

used all over the world in the coining operations .

Early in the 1970's, clean steels processed by vacuum degassing, electro-slag refin
vacuum arc remelting, vacuum induction melting and combinations of some of these
processes were introduced, marked by the introduction at the RAM of ultra-clean
Bohler V6N (now K630) (0.85% C, 0.1% V, 0.8% Ni) in place of the W1A11 grade.
This double electro-slag refined steel gave a much higher acceptance level and an
increase die life, due to absence of surface defects and reduced cracking caused by
inclusions and banding structure .

Thus, with the introduction of tool steels with a superior quality, and improved hea

treatment facilities, many manufacturers have started using steels such as those li
Table 1.5.
Table 1.5. Latest die steels along with their chemical compositions

TYPE

QUENCH MEDIUM

C

Cr

Ni

Mo

Mn

S1A
S100A
A2A
A6A
D2A
D3A

oil or vacuum furnace
oil, air,vacuum
air, vacuum
air, vacuum
oil, air, vacuum
oil, air, vacuum

0.5
0.4
1.0
0.7
1.5
2.2

1.5
1.0
5.0
1.0
12
12

-

-

-

2.5

4.0

-

-

-

-

-

-

2.0

-

-

1.0
1.0
1.0

-

-

-

-

-

-

-

W
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The steels in Table 1.5 are essentially one of two types. The first type is a low to
medium carbon, low alloy steel which has lower tempering temperature (below 200°C).
The second is a high carbon, high chromium steel with higher tempering temperature
(between 350-570°C). The first class of steels generally exhibit retarded carbide
precipitation and softening with increasing temperature, due to the alloy additions
which makes them suitable for coining operations. The high carbon, high chromium
grades such as D2A and D3A exhibit secondary hardening due to retained austenite
which make them suitable for the surface engineering applications.
With the addition of new vacuum heat treatment facilities at the RAM in early 80s,
some 13 grades of tool steels, from a variety of international suppliers, have been
evaluated for die manufacture, with the aim of increasing die life by at least 50%.
These steels were all medium to high carbon and high alloy grades, which are

expensive materials. As any increases in the die life resulting from these new steel
needed to be substantial to maintain the tooling cost per coin at as low a level as

for the cheaper grades of traditional die steels. The 13 steels assessed in this pro
are shown in Table 1.6, along with their compositions.
(17)

The preliminary results of Conran

showed that all grades exhibited acceptable

mechanical properties for the manufacture of dies, indicating that the steels were o

high quality, and suitable for coining operations. Some grades, such as Viking, K190
A2A, ASP23, and Vanadis 4 were found to be more suitable for coining and surface
engineering applications, due to their cleanness, good machinability, hobbability,
polishability and higher tempering temperature (400-570°C) that can further be used
for the surface engineering applications. Whilst other grades, such as SI, S100,
ACD35, ACM9V and ACM10 were found unsuitable, due to their lower tempering
temperature (<200°C) which make them unsuitable for surface engineering
applications and some difficulty in hobbing, polishing which makes their use quite
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Since this work was only the preliminary results by Conran.

Therefore, the current project was devised by the University of Wollongong, in

collaboration with the Royal Australian Mint (RAM), with the specific objective of
improving die life by using highly alloyed die steels and/or employing Plasma
Immersion Ion Implantation (PI3) treatment, and Physical Vapour Deposition (PVD)
TiN coatings, for surface Engineering of the coinage dies.
T A B L E 1.6. Grades of tool steel evaluated at the R A M

GRADE AS1239
equiv
S1A
K445
GRANE S100A
VIKING
N/A
XW10
A2A
A6A
NSS6
M3
ASP23
M4A
RexM4
CPM10
All
—_
CPM9V
—
ACD35
—
VAN. 4
ORBIT
A6A
X220
K190

C
0.63
0.55

0.5
1.0
0.7
1.27
1.35
2.45
1.78
1.25

1.5
0.7
2.3

Mn

Si

Cr

0.5

0.6
0.3

1.1
1.0
8.0
5.3
1.0
4.2
4.0

0.6
1.9

0.5
0.4
2.0

0.9

Ni

12.5

V
0.18

0.3

0.3
1.5
1.1

W

S

2.0

0.5
0.2

1.35

5.0
4.5
1.3
1.3

5.25
5.25

8.0
8.0
1.0

Mo

<0.7

1.25

1.5
1.3
1.1

3.1
4.0
9.75

6.4
5.75
0.07

9.0
0.4
4.0
0.15

4.0
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2.0 SURFACE ENGINEERING TECHNOLOGIES
The majority of engineering failures occur via surface related phenomena such as
fatigue, corrosion, friction and wear. The reasons being that the contact stresses are
(19)

usually highest at areas in the vicinity of the surface

, and also the surfaces are usually

exposed to hostile environments. The range and scope of surface modification
techniques has been extended significantly by developments in the fields of Plasma,
Electron Beams and Lasers, all of which are now increasingly being applied for surface
(19 20)

modification of engineering components

" . In each instance, the approach has been

to modify (alter the composition and structure) of the surface or near surface regions of

the materials, without affecting its bulk properties. This can present substantial savin
in both tool costs and tool changeover costs, whilst achieving the desired tribological
properties at the surface or near surface regions.
(21)

The word surface engineering was invented by Bell

in early 80's, but the concept of

modifying the surface of materials for special applications is not evidently new.
Nevertheless, the most comprehensive way to define the surface engineering concept is
Bell's definition;
"Surface engineering involves the application of traditional and
innovative surface technologies to engineering components and
materials in order to produce a composite material with
properties unattainable in either the base or surface material"

In this work, Physical Vapor Deposition (PVD) and Plasma Immersion Ion
Implantation (PI3) processes were used to modify the coinage dies surface. The main
coating/treatment processes are described in the following sections (2.1 & 2.2).
Methods of modifying the surface property of materials without affecting the ductility
(19-24)

or toughness of the substrate can be divided into two broad categories

;
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i) those in which the surface is modified by the diffusion of elements such as
carbon or nitrogen into the substrate surface, Fig. 2.1. This category can be
further subdivided into thermal and thermochemical treatments, and
ii) those in which a layer of hard material is formed or deposited on the substrate
surface by surface coating processes such as Chemical Vapor Deposition
(CVD), electro-plating and Physical Vapor Deposition (PVD) processes, Fig.
2.1.

G O O G O O CTO (
.
.
)O O U O O O
I Diffusion/Implantation li Deposition

Class I:

Interstitials from the plasma alloy with
substrate atoms by diffusion

Class II: interstitials and transition metal are
transported by the plasma to surface to
form a ceramic coating.

Fig. 2.1.

The classes of plasma-ion processes

Surface engineering technologies covers a very broad range of treatments/coatings with
surface modification varying from less than a micron to many millimetres in thickness.
Fig. 2.2., shows the principal processes in these two categories.
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Fig. 2.2. Principal of plasma processes, illustrating the depth of diffusion
treatment and thickness of the coatings.
2.1. Classification of Surface Coating Processes
(22-

Today, an extensive range of coating methods are utilised for industrial applications
26)

, but there are certain subtle differences between the techniques that need to be

appreciated if a proper comparison is to be made. For example, the Chemical Vapor
Deposition (CVD) process has been used successfully to enhance the wear resistance
and performance of cemented carbide cutting tools"' " . Titanium carbide (TiC) and
titanium nitride (TiN) coatings by CVD process have been a commercial reality since in

the late 60s and often extended the life of the cemented carbide by a factor of 4 or more
in cutting operation. However, due to the higher CVD coating temperature (typically
1000°C) which annealed the high speed steel tools, the technology could not be transfer
to high speed steel tools, hot working tools and other materials.
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Other techniques such as hard chromium electro-plating has been used for a number of
years in the automotive, aerospace, mining and general engineering industries for
applications such as internal combustion engine components, hydraulic cylinders,
landing gear, and coinage dies, to protect the components surface from wear
Hard chromium plating (Cr-plating) is a term used to describe chromium
electrodeposits thicker than 2.5 um. The physical characteristics of chromium
electrodeposits depend upon both the electroplating conditions and the chemistry. The
plating temperature, current density, catalyst type and catalyst concentration are the
(27)

main plating parameters which affect the deposit properties

. Hard chromium plating

possesses an extremely fine structure with built-in oxide, hydroxide and hydride
inclusions together with high levels of internal stress which combine to give a high
hardness (900-1100 HV) and the network of microcracks throughout the plating.
Microcracks forms during plating when the tensile stress exceeds the cohesive strength
of the chromium. As chromium thickness increases, tensile stress increases until

microcracking occurs, which relieves stress in the deposit. A low coefficient of friction
in hard chromium plating is partly responsible for producing a high resistance to
mechanical wear.
Although, hard Cr-plating has provided effective service over the years in a wide
variety of engineering applications, it does have certain deficiencies. For instance, it
has been reported that the hard Cr-plating wear and thereby fail catastrophically when it
used in the diesel engines parts .In other applications such as coinage dies, the
microcracks in the plating, causes wear debris to trap between the crack channels and
breakdown the plating
(17)

The usefulness of this technique in a long term is rather limited

, due to the

environmental problem associated with the Cr-plating (eg. the stringent law for the
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disposal of plating chemicals), the lower wear and corrosion resistance of the plating,
due to the massive network of microcrackes within the plating. Therefore, the
manufacturing companies have been increasingly focussing their attention on other
types of coating processes that could eliminate the use of electro-plating and provide
solution to the above mentioned problems.
2.1.1. Physical Vapor Deposition (PVD) Processes
The recent trend in manufacturing industries have been towards a process known as
Physical Vapor Deposition (PVD). The potential of PVD processes is being realised
because of ability to deposit a wide range of materials of uniform thickness at
(20 23 25 29)

reasonable deposition rates

Also, the use of P V D processes in

manufacturing industries has successfully increased the corrosion and wear resistance,

fatigue strength and performance of cutting tools, bearing surfaces, and highly stresse
(30-32)

parts for industrial applications

. Typically, P V D processes are used to deposit

hard thin films with thicknesses in the range of a few nanometres to thousands of
nanometers. Their uses have been increasing at a very rapid rate since the modern
technology demands multiple and often conflicting sets of properties from engineering
materials^).
(30-32)

P V D processes have m a n y advantages

over itsrivalsuch as C V D or chromium

electro plating. Some of the PVD process advantages are summarised as follows;
i) Low deposition temperatures (<500°C), avoiding the distortion and annealing of
the parts which are often associated with CVD process when applied to tool
steels
ii) Smooth surface finish, which can replicate the original finish
iii) Good adhesion to substrate materials
iv) High deposition rate
v) Versatility, the ability to deposit virtually any metal, alloy or mixed compound
onto a variety of substrate materials and complex shape.
vi) Environmentally friendly.
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PVD processes are defined as a process used to deposit thin film coatings of physically
generated atoms or molecules onto a substrate in a vacuum environment. Generally, all
the PVD coating techniques are based on reactive processes, ie., the metal species is
vaporised from a source through a vacuum and a gas is fed into the coating chamber to
react with the metal species where it condenses and film growth takes place. However,
there are certain subtle differences between PVD processes, in the way the source
material (target or cathode) vaporised, the types of ions, electrons and gas atoms that
constitute the plasma. There are currently many different PVD processes available for
the deposition of thin hard film materials, but basically they all fall into two broad
. (2---3)

categones, sputtering and evaporation
This work will review the similarities, differences, the strength and weakness of both
sputtering and evaporation processes as a means of deposition of thin films. The
evaporation processes will be discussed in detail and the main emphasis, however, is on
the filtered arc deposition (FAD), in terms of equipment, design, operation, effect of
process parameters on coating structure, properties, the benefit and limitation of FAD
process also will be discussed.
2.1.1.1. Sputtering
In sputtering process , groups of atoms or single atoms in an abnormal glow
discharge (formed between two electrodes, using dc, enhance dc or rf voltages) are
physically ejected by momentum transfer from the source material (target or cathode),
by a highly energetic gas discharge (usually argon and other bombarding species). In
(30-33) , .

v

sputtering, the target is negatively biased (from 500 to 5000 V )

, so that its surface

is bombarded by positive ions from the plasma which passes into the vapor phase and
react with a gas (for example nitrogen) under a vacuum pressure of 10"3 Torr or less, to
form TiN film onto the work piece, Fig. 2.3. It should be noted that the dc, and
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enhance dc sputtering are also used for electrically conductive materials, whereas, the
rf sputtering must be used for dielectric materials.

• WORKING
GAS

POWER
SUPPLY

o99x?TOnr9no
SUBSTRATE

r

VACUUM
PUMPS

Fig. 2.3.

VACUUM
CHAMBER

Schematic diagram of a basic sputtering system

2.1.1.2. Magnetron and Unbalanced Magnetron Sputtering
Until recently, the sputtering technique was a relatively inefficient process, because
yield of atoms sputtered per incident ion was typically unity . However, this was
improved by using a crossed electric-magnetic field which confined the plasma and
increased the plasma density and/or ion bombardment. This technique is termed
(33)

magnetron sputtering

. Although, the magnetron sputtering improved the deposition

rates, but did not provide a high degree of ion bombardment in the substrate region.
Even though there was very dense plasma next to the target, this plasma was tightly
confined to the face of the target and low ion current density was collected on the
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substrate. Window and Sawides , further improved the magnetron sputtering
process, using unbalanced magnetron cathode, Fig. 2.4. This can be achieved when one
set of the magnets, either the inner or outer ones is unbalanced. All unbalanced
magnetrons configuration are based on the outer magnets being stronger than the inner
ones. The effect of the unbalanced magnetron sputtering is to trap fast secondary
electrons that escape from the target surface. These electrons undergo ionising
collisions with gas atoms away from the target surface and produce secondary plasma

in the region of the substrate. Then, the ions from this secondary plasma are attracted
to the substrate and bombard the workpiece. This ion bombardment is used to control
many of the properties of the growing film. In sputtering process, the species have
relatively high kinetic energies of between 2-5 eV, which improves the quality of the
film and since the surface mobility of the depositing atoms is high hence the columnar
(32-37)

growth would be reduced

Fig. 2.4.

Unbalanced magnetrons sputtering configurations

The main advantages of unbalanced magnetrons sputtering are;

• Excellent uniformity of the coating, due to the large number of scattering collisions
in the glow discharge
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(38-39)

•

L o w substrate temperatures, enabling the coating of plastics

2.1.1.3. Evaporation Processes
The evaporation process currently used in the industries and research organisations for
coating tools are based on activated reactive and/or bias activated reactive
(23,32,38) , (40-43) .

evaporation

, low voltage electron beam

, high voltage tnode electron

beam ' and cathodic arc deposition . In this work the similarities, differences,
the strength and weakness between each process will be reviewed.
2.1.1.4. Conventional Evaporation
In conventional evaporation process, the source material is vaporised in a vacuum
(typically, 10"5 to IO"6 Torr) by means of radiant heating, an electron beam (EB),
electrical discharge (arc) or laser beam, etc. Subsequently, the evaporated atoms
(species) condensed onto a workpiece surface to form a deposit. The trajectory of the
evaporated atoms undergo an essentially collision-less line-of-sight transport prior to
condensation on the workpiece, which is usually at ground potential (not biased). The
evaporated atoms have relatively low kinetic energy in the range of 0.01-1 eV and the
(19, 32, 50)

condensing species have a low surface mobility upon arrival at the work piece
This tends to produce a non-uniform coatings and ultimately results in columnar
structure.
2.1.1.5. Activated Reactive/Bias Activated Reactive Evaporation
It is possible to improve the coating uniformity and structure of the coating in
conventional evaporation process by ion bombardment (activated reactive and bias
activated reactive evaporation processes) and indirect heating of the substrate. In an
activated reactive evaporation (ARE), a reactive gas (nitrogen, methane or oxygen) is
introduced into the chamber which reacts with the metal or alloy species to form a

desired compound, either in the gas phase or on the substrate and this is called reactiv
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(50)

. A s illustrated in Fig. 2.5, a positively biased electrode placed within the

reaction zone of the chamber draws low energy secondary electrons, produced by the
source, towards it. These electrons enhance the ionisation of the reacting species by
collision and create plasma which considerably increases the reaction probability.
However, the reaction can be further encouraged, if the substrate (workpiece) is
negatively biased and heated indirectly. In this way, the glow discharge further
enhances and then the reactive species and/or ionised particles will accelerate towards
the workpiece which improves the coating uniformity and structure. This is termed
(19,23,50)
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Fig. 2.5.
2.1.1.6.
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Schematic diagram of the Active Reactive Evaporation ( A R E ) process.
L o w Voltage Electron B e a m

The Balzers company of Liechtenstein, represented in Australia by Surface Technology,
utilises a system which incorporates a low voltage electron beam source, operating
under medium vacuum conditions, resulting almost in an 'arc' mode of discharge
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passing through the chamber to impinge on the crucible. The net effect of this
technique is to increase ionisation in the coating chamber. Fig 2.6, shows the
schematic arrangement of this process, which is based on a patent specification by E.
(41)

Moll and H. Daxinger

^v-iripjLaJ

substrata

negative bias

\n)>)_£
v ^ ^

Fig. 2.6.

A—vapour
source

Schematic diagram of Balzers system.
(42)

S o m e of the strategic history of the process is outlined by Vogel and Scherrer

. Buhl

(43)

et al. discussed some applications details

. Precise process details (beyond the patent

specification) are not available for publication, though some information has become
generally available. For example, the specimens are heated by electron bombardment
before coating. This seems to be a unique feature of the Balzers process that reduces
the duration of argon sputter cleaning stage. This is the main roughening mechanism
and is of paramount importance in coining application.

It is also believed that the crucible in Balzers unit is reciprocated vertically durin
coating, in order to achieve uniformity in coating thickness. Specimens, mounted

around the perimeter of the chamber, are rotated during coating to improve further the
coating uniformity. Other than these factors, it is probable that the ionisation
conditions, etc are similar to those achieved by others including the Triode High
Voltage Electron Beam(44). Table 2.1, show the comparison between these two
processes.
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One feature of the Balzers operation which seems to set it apart from other companies is
an insistence on high quality substrates. Thus, for example, they prefer tools which
have been only recently ground. Components which have been in store, or do not meet
Balzers' metallurgical requirements, are not coated and this helps to ensure consistent

results. It will be shown later that this policy plays an important role in the adhesion
the coating.
As mentioned previously, Balzers has been very secretive about the details of their
process and very little is known about the process parameters. Nevertheless, the
(43-44)

following information has been extracted from the literature
After pumping down the vacuum chamber to a pressure of 2x10"^ mbar, the substrates
are electron beam heated to the desired temperature and sputter cleaned in an argon
plasma for 15 mins. Usually, titanium is deposited at an approximate rate of 0.1 Lim
min-1 for few minutes in an argon plasma before the release of nitrogen into the
chamber. This results in the formation of a Ti interlayer, a fraction of a um thick,
which greatly improves the adhesion of TiN.
Titanium nitride (TiN) is then deposited at a rate of ~ 0.1 Lim min for 20-30 mins. at a
4

total pressure of 2xl0" 3 mbar, a nitrogen partial pressure of 8x10" mbar, a substrate
bias of -150 V, and a substrate temperature of 400-500 °C. The purity grades of the
materials used are 99.9 wt-% for titanium, 99.996 vol.-% for argon, and 99.999 vol.-%
for nitrogen. A normal coating thickness is 2.5 um and if thicker coatings are required
the process will be repeated.
2.1.1.7. Triode High Voltage Electron Beam
The thermionically assisted triode arrangement was first used for ion plating by
Baum(45). He saw the attraction of this technique as fourfold. Firstly, greater control
over the discharge is obtained. Secondly, comparatively low negative voltages (e.g.
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less than 400 V) need to be applied to the samples, thus improving the stability of the
process. Thirdly, the process can be carried out at lower pressure, and fourthly,
unwanted substrate heating can be reduced over conventional diode discharge
techniques, as the ion power is lower due to the reduced bias voltage.
Tecvac of Cambridge is the only wholly UK owned company offering its own industrial
(45-46)

Triode high voltage electron b e a m evaporative TiN coating system

. It utilises both

an ionisation increasing electron beam gun system and additional thermionic assistance
to enhance the discharge. This improves the control of the process, by ensuring that
variables can be independently changed. For example, this permits argon ion
bombardment heating before coating, without the need to have the vapour source in

operation, or direct radiant heating. The main difference with the Balzers system is t
the electron beam gun is not operated in an 'arc' mode therefore no macro/microparticles are formed. The reduction in ionisation rate is compensated by thermionic
assistance.
The schematic diagram of coating chamber and associated electrical circuits of Tecvac
coating machine, Model TP35L are shown in Figs. 2.7 and 2.8, respectively. It has five
power supplies driving the 5 Kw electron beam gun, sputter cleaning/heating, plasma
discharge, filament and crucible bias.

Workpieces are negatively biased as cathode to form the basis of attraction for nitroge
and titanium ions. The water cooled, copper crucible which holds the titanium slug is
positively biased to promote dispersion of titanium ions into the plasma. Plasma is
enhanced by means of a hot filament assist which also has a negative electrical bias.
Combining all three biases yields a plasma cloud in which the titanium and nitrogen
ions circulate and are plated onto the workpiece.
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The schematic diagram of Tecvac, Model IP35L, coating machine.
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The principle behind this PVD process is that the evaporation method of depositing
titanium onto the workpiece by using a 270° bent electron beam, the slug of titanium is

melted at which point its vapor of ions and the ionised nitrogen from the nitrogen part
pressure are deposited on the work, by means of the plasma and electrical biasing. This
plasma is generated with a partial pressure of grade 5 high purity argon gas from a
cylinder and nitrogen from a bulk liquid nitrogen tank.

A typical cycle starts with inspection of the received work pieces for any surface defe

and acceptability. Accepted parts are then thoroughly cleaned, dried and loaded into th
vacuum chamber. Typical cleaning procedures include solvent vapor degreasing,
ultrasonic washing with alkaline cleaners, distilled water rinsing and drying by means
of a freon drier and/or vapor degreaser. To assist in gas evolution of any water vapor
that has been absorbed on the chamber wall liners when the door was opened to air, a
double vacuum pump is operated. Initially, the chamber is pumped to near 75 microns
Hg (0.075 Torr) which is the crossover point from the roughing cycle to the high
vacuum cycle. Vacuum valves are then closed and dry nitrogen, which is used very

effectively as a cooling and backfill gas, is bled into the chamber up to a partial vac
of 700 Torr.
At this point the vacuum pumping sequence is started again and allowed to follow the
vacuum program cycle. Warm water recirculating at about 120°F (49°C) warms the
vacuum chamber wall tracings to help remove condensation and assist in the vacuum
bake-out during the pump down. An additional aid in raising chamber temperature and
degassing water vapor is the energising of the plasma assist hot filament. The filament
heats the chamber, liners and heat shields, and work piece by radiant heating and
thereby releasing water vapor.
Once the chamber is at a suitable vacuum level and the outgassing cycle is over, the
warm recirculation water is switched to cold to prevent additional water vapor
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degassing during the coating part of the cycle. Argon gas then is bled into the chamber
through a gas mixer/distributor which assures uniform gas distribution. The plasma

started and the parts are sputter cleaned with operation between one and two thousa

volts. Once clean of microscopic soils, usually taking about thirty minuets, the par

are heated by energising the hot filament ion assist while maintaining an argon pla
Once the parts have reached coating temperature, normally 450 °C for high speed
steels, coating begins with fixed partial pressure plasma of argon.

The electron beam gun is energised for vaporising the titanium and a nitrogen gas f
is added at the appropriate rate to form the TiN compound. The evaporation time

required for approximately 2-3 micron coating thickness is 20-30 minutes. After the
coating is complete, the parts are allowed to vacuum cool to approximately 200°C or

less and then the chamber is backfilled with dry nitrogen to 700 Torr. Static cooli

maintained at this pressure, with the help of a pressure switch and a solenoid valv
temperature of approximately 93 °C at which point the workload is removed from the
chamber.
Table 2.1. Comparison between the salient features of the two commercially
available evaporative units in Australia.

Supplier
Specification
Balzers, Liechtenstein
Tecvac, U K
Unit
BAI730
JP35L
Type
Single chamber
Single chamber
Evaporation method (typical
Electron beam (1)
Electron beam (1)
no. of source)
Independent ionisation
Yes: argon ion
Yes: electron beam
enhancement
bombardment
350-500
450
Substrate preheats?
<400
Substrate bias voltage, -V
<1000
Yes
Substrate rotation?
Yes
4-8
Deposition pressure, pbar
1-4
2 hr 20 min.
Cycle time
2 hr 20 min
2-4
Typical coating thickness, \im
1.5-4
Maximum effective working
0.14
0.1
volume*, m 3
300
M a x i m u m load, K g
600
*The shape of this volume may differ depending on the process, e.g. in the Balzers
system, the working volume has an annular shape.
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Cathodic Arc Evaporation

V a c u u m arc as a source for making coatings wasfirstsuggested by W r o e

(47)

and later

by Gilmour Snaper and Sablev further developed the process in 1971 in
Europe. In USA, the arc evaporation has been used since the mid-1980's for the
production of coatings in commercial power system, based on the Snaper and Sablev
patent. The main advantages of arc technology is its intrinsic high deposition rate

the ability to produce a dense stoichiometric coating. The configuration of cathodic
plasma deposition process is shown in Fig. 2.9, which consists of a vacuum chamber,
cathode, arc power supply, arc igniter, anode and a substrate power supply.

Cathodic vacuum arcs are discharges that occur under low pressure (<10-4 Pa), in which
the vapor material to sustain the arc comes mainly from the cathode itself ' . The

source of the vapor is the cathode spot which moves randomly at the speeds of up to 60

m/s across the surface of the target at low voltages, and high current. The cathode s
is neutral plasma which ranges from 1-20 um in diameter and is an intense source of
photons, electrons, metal atoms, and micron sized droplets of cathode material, Fig.
2.10.
V a c u u m Chamber

Solenoid
Arc Trigger

Fig. 2.9.

Electrically Isolated
Casing

A typical passive cathodic arc configuration
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Fig. 2.10.
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The cathode spot, showing macroparticles and atoms etc

In contrast to thermionic arcs, where electrodes are not expended, vacuum arcs do not
need the injection of any source gas. Furthermore, the high degree of ionisation (6080% for Ti) and kinetic energies (50-60 eV for Ti) of arc-produced vapor makes it
possible to achieve combinations of coating properties and structure with processing
conditions which cannot be achieved using competitive techniques such as electron
(50, 52) „ . . , . _<,-+,•

beam evaporation or magnetron sputtering

. This is due to the opportunity to

control the ionised coating atoms using the combination of magnetic and electric field
The high kinetic energy and ionisation plasma available from the cathodic arc will
enhance reactivate of the evaporate with any reactive gas such as N2 when depositing
TiN. The deposition rate of arc evaporation is also very high and 1 um/min is readily

Chapter T w o

Literature Review (Surface Engineering Technologies)

achieved for most elemental materials . This yield many benefits in terms of coating
quality and appearance are;
1) High film adhesion and density
2) High deposition rates and superb coating uniformity
3) High quality stoichiometric reacted coatings over a wide range of processing
condition.
2.1.1.8.1. Macroparticles
Although, arc evaporation has been successfully used in Europe and the USA by

Balzers, MultiArc, Hauzer Vac-Tech for tribological applications such as coating tools.
They have not been successful especially in decorative, corrosion protective coating,
(53)

electronics, optics, high precision coating and other areas

. The major drawback with

the cathodic arc processes are the emission of metal droplets from the target surface
that produces macroparticales (1 to 15 Lim in diameters), which imbedded onto the
coating, causing a rough and dull coatings. For many tooling applications, these
macroparticales are not harmful, but they can have detrimental when the surface finish

of the tool is important, such as in proof coinage dies application. Efforts to overcom
the problem associated with macroparticales has seen the development of processes
which has successfully controlled and reduced the emission of macroparticales in the
coating at the expense of deposition rate.
2.1.1.8.2. Macroparticles Emission

It has been shown that the majority of macroparticales is emitted to the cathode surfac
at an angle of roughly 10-20 degrees while the ions are predominantly in a

direction perpendicular to the plane of the cathode, Fig. 2.10. Also, the velocity of t

macroparticales is in the range of 0.1-800 m/s, for example Cd is emitted at the veloc
of 140 m/s and Mo to 300 m/s(56).
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The following conditions below have been reported to reduce the effect of
macroparticles, but not eliminating them completely;
1) Cathode material with a higher melting point emits more ions and fewer
macroparticales
_. , i • , , • (54-56)

2)

Lower arc current reduces the size and the concentration of macroparticles

(54)

3)

The macroparticles sizes decreases with increasing the reactive gas (N2)

4) At lower cathode temperature, the arc spot tends to move more rapidly, and
(57-58)

therefore producing smaller macroparticles
McClure and Boxman, each proposed a theory for the emission of macroparticles. The
first model is based on plasma emission where ions from the ion cloud directly
above the cathode spot are accelerated towards the liquid surface of the active cathode
spot. The vapor jet recoil force presses inward on the molten metal and material is
pushed towards the edge of the crater leading to the observed distribution of
(59)

macroparticles.

The second model

is based on explosive emission where the

electron emission is concentrated on small surface protrusions which are rapidly heated
by electron emission until they eventually explode at a peak pressure of 20 GPa. The
impact from the explosion generates other surface defects and other sites for the
process to be repeated.
In general, the size and direction of macroparticles is dependent on the choice of
cathode material, operating parameters (arc current, gas species, pressure and etc) and
the design of the arc sources. In particular, the design of the arc source and how to
control the arc should be taken into account when the presence of macroparticles is of

concern. For instance, it has been demonstrated that the control of the arc initiation, a
, (55-59)

and plasma control can successfully reduced the macroparticles in the coating

in
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the following section the general considerations related to vacuum arc initiation and ar
source design which can control the formation of macroparticles will be discussed.
2.1.1.8.3. Arc Initiation
An arc is ignited in vacuum interrupters when the electrodes are drawn apart to open
the circuit. The arc moves in a random fashion across the surface of target (cathode),
unless magnetically guided, and sustains the arc by eroding the target surface. There
(60-63)

are four techniques used to initiate arc on the target surface

, these are as following;

The first method is by means of mechanical touch to start the arc on the target
(60-61)

surface

This is an earliest method and has been used in commercial arc

processes, due to its simplicity and reliability. Once the arc is ignited, there is a
possibility that the electrode (molybdenum or tungsten) becoming welded to the target

as a result of increases in target surface temperature. In order to prevent this, a resi
is used between the electrode and the ground, which limits the amount of current flow
through the electrode during the arc initiation process.
The second method employs a sudden vaporisation and subsequent ionisation using
electrical breakdown of a thin film metal coating connecting an insulator between the
(62-63)

cathode surface and anode, by using an auxiliary electrode

. This technique is very

reliable, as long as the geometries are chosen correctly.
The third approach employs a high voltage discharge inside a temporary gas tube
electrode which ionised the gas to form plasma and initiate the arc. This can be
accomplished by the discharge of a capacitor which has been charged to several
thousand volts and passes through an impulse of gas tube which is connected to the
capacitor. After igniting the arc on the cathode surface and establishing sufficient
current from the arc power supply, the temporary electrode (both gas and high voltage)
can be shut off. The disadvantage of this technique is the introduction of a small
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amount of inert gas into the system which is not suitable for highly repetitive arc
initiation requirement.
(61, 64, 65)

The final method utilise a laser pulse to start the arc

. In this method, the arc

can be accomplished by forming a plasma on the cathode surface, using a laser pulse of
sufficient power density (>10^ W/cm^). The discharge characteristics in this technique
is consist of short duration of microsecond time scale, high current arc pulses and high
repetition frequency of a few kilohertz which reduces the dimension and density of the
deposited macroparticles. Also, due to the pulsed mode in this technique, there is a
great control on the cathode spot motion and the uniformity of erosion on the cathode
surface which can significantly reduce the macroparticles. This technique has a great
potential in controlling the arc and offers promise for new concepts in source design.
One disadvantage associated with the use of this technique is the requirement for the
precise location of arc origin which has to be defined with great precision. Otherwise,
local melting will occur at the cathode surface which can cause smoothing of the
surface and may inhibit further initiation of the arc. One way to overcome this is to use
the unreflective material such as carbon as an auxiliary electrode which remains
unreflective.
2.1.1.8.4. Arc Source Design and Macroparticle Control
The use of electrostatic/magnetic fields to control plasma in cathodic arc evaporation
has significantly reduced the emission of macroparticles. This can be achieved by
placing the substrate materials in the vacuum chamber away from the direct line-ofsight of the cathode. At least, there are three techniques employed to control the
plasma and reduce the emission of Macroparticles. These can be achieved by
shielding(

6_67)

, magnetic steering*5' ' and magnetic filtering . In the following

section each technique will be discussed, in particular, the last approach will be
explained in a more detail.

Chapter T w o

2.1.1.8.5.

Literature Review (Surface Engineering Technologies)

Shielding

The most common method to control the plasma and reduce the emission of

macroparticles is to makes use of a shield, Fig. 2.11. In this method, the macropartic
are trapped in front of the shield which prevent them entering and impinging on the
substrate materials. Chollet and Brandoli proposed that by using a shield between
the substrate and arc source and applying bias voltages between both shield and
substrate, the plasma could be attracted and guided towards the substrate. Although,
this method can eliminate the macroparticles, but it will significantly reduce the
deposition rate.
Cathode

Shield

Substrate

L-C

Fig. 2.11.

Macroparticles control by using a shield

2.1.1.8.6. Magnetic Steering
In this method*59'68), the movement of cathode spot (arc spot) on the cathode surface is
controlled by placing a permanent magnet behind the cathode which exert a Hall force

and steer the cathode spot across the cathode surface in a control manner, Fig. 2.12. I

this way, the period that the arc spot remains stationary is decreased and hence reduce
the volume of material melted and explosively emitted from the crater. It has been
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reported that during the production of T i N coating by steered arc, reduction in
, . ,(68-71)

macroparticles can be obtained
Although, magnetic steering can significantly reduce the formation of droplet and
create a more uniform erosion of crater , but does not eliminate all the
macroparticles. Thus, an external magnetic field is used to further control the cathode
, , . . , (57, 72, 73)

spot and the emission of macroparticles

. In this configuration, a solenoid is

mounted externally in front of the cathode surface which confine the cathode spot area
and preventing the arc to move away from the cathode surface, Fig. 2.12. It has been
(74, 75)

reported

that in the case of Ti, the solenoidalfieldhas the effect of increasing the

ionised fraction of the emission to 100% and the average charge per ion to 2.08.
Furthermore, when the magnetic field increases from 0-10 mT, the ionisation rate will
increase and results in an increase in the photon emission from Ti+ and Ti++ species.
The ion energy is also increased through Hall acceleration. Moreover, the magnetic
field greatly increases the electron density and as a result, the macroparticles can be
(75) (76)

evaporated by collision with electrons in this arrangement

. It has been reported

that when the magnetic field increases to 10 mT, the macroparticles content can be
reduced at least by a factor of 5.5.
Water

Fig. 2.12.

Steered arc configurations.
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2.1.1.8.7. Magnetic Filtering
The electromagnetic plasma beam deflection technique is the most effective way to
filter Macroparticles produced at the target from arc discharges. This can be
accomplished by guiding the plasma stream (towards the substrate materials), through
the curved passage (20-90° bent) having a longitudinal magnetic field of several
hundred oersteds and a radial electric field of tens of volts. This technique was
(77-79)

originally developed by Aksenov

, using a toroidal magnetic field and/or magnetic

plasma duct to deflect the path of the ions in the vapor flux emitted from arc discharge
and subsequently filtering the Macroparticles. He demonstrated that plasma duct filter

is a quarter torus with a magnetic field parallel to the walls of the torus. The equatio
which relates the transport of a low density plasma along a toroidal field is given by,
r 1
" >0"° (1)
where u = Mc0^/ZeRH and U is the velocity of the centrifugal ion drift in the field, M,

Z, and c0 are the mass, charge, and longitudinal velocity, respectively, of the ions; R i

the radius of curvature of the magnetic lines of force, 1 the length of the toroidal fie

the radius of the plasma duct; c the speed of light, e the electronic charge; H magnetic
field strength; and D0 electric arc field strength.
It has been reported that the macroparticle content in the coating can be eliminated
by increasing the degree of deflection from 20 to 90°. However, due to plasma
transport inefficiency in this method, the beam current and/or the deposition rate also
will significantly decreases. Thus, in order to increase the strength of magnetic field
and consequently the rate of deposition. Aksenov and Anders suggested that by
applying a positive biased (15-20 V) to the duct wall, the plasma output can be
increased from 0.4 A to 0.9 A, Fig. 2.13. They further extended this work, by adjoining
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an additional axial magneticfieldto the guidingfieldof the filtered arc which referred
as focusing field, Fig. 2.13.

Substrate

Cathode
Solenoid

Fig. 2.13.

Focusing magneticfieldto guide thefieldin the duct.

This means that the plasma species produced at the cathode spot can be all focused into
the duct which can further improve the efficiency output, Fig. 2.14.

a
o

0 \

i""""'i

- 3 - 2 - 1 0
Z (cms)
Fig.2.14.

'
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Showing, the plasma species efficiently focused into the duct.
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2.1.1.8.8. Filtered Arc Deposition System (FADS)
The magnetic plasma duct method of filtering macroparticles from arc discharges is
successful at obtaining a low energy, high intensity particle beam. Although, when it
used in conjunction with the techniques such as the steered arc and external magnetic

field as discussed earlier. It can significantly eliminate the macroparticles content
This method is currently known as Filtered Arc Deposition (FAD).
(77-79)

F A D is based on a design originally developed by Askenov

and further developed

by Sanders and Fallebello at Lawrence Livermore Laboratory. Thus, CSIRO division
of applied physics in Sydney-Australia*72'81) has further extended the original work by
Askenov and Sanders, and developed a technique which has a trade name Filtered Arc
Deposition System (FADS) 3000. FADS has currently approached the status of

industrial application for TiN coating of the coinage dies at the Royal Australian Mi
(RAM). The schematic diagram, outlining of each region of the FADS is shown in Fig.
2.15. FADS employs a 45 degree plasma duct through which the plasma is guided to
the deposition chamber. The ions in this system are produced by an arc evaporator
(using steered arc and external magnetic field as discussed earlier) and focuses the
beam into a plasma duct that consists of a vacuum tube surrounded with magnetic
solenoids. The electrons in the plasma are confined by the magnetic field. The

resulting electric field is coupled with a positive potential applied to the duct tha

sufficient to steer most of the ions around the duct. The guided plasma filters out th
macroparticles, and prevent them to enter the deposition chamber. Hence, the filtered
beam which exits from the plasma duct, scan in the x-y plane, across the substrate by
means of magnetic coils mounted around the deposition chamber. The unreflected
beam has a diameter of 30-40 mm whereas, the deflected beam can be increased up to
100 mm in diameter.
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Fig. 2.15.

Schematic diagram of F A D S , showing each region of the process.

2.1.2. Microstructure examination and TiN Films Morphology
The microstructure of coating dictates the dominant wear mechanism which has an
important effect on the wear rate measured in any wear testing. In PVD processes,
coatings are formed from a flux of atoms that approaches the substrate from a limited

range of directions. As a result of this, the microstructure of the coating is columna

nature, which are aligned perpendicular to the coating/substrate interface. It is this

columnar microstructure which affects the physical properties of thin films. Due to th
aligned growth (texture), the structure of the coating is highly anisotropic and this

to anisotropy in many of the physical properties of the film. However, a certain amoun
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of microstructural control is possible since manipulation of the processing parameters
can result in changes in the microstructure of the deposited coating (for example by
variations in the packing density of the columns and the grain boundary strength which
binds them together), and thus a knowledge of the inter-relationship between
microstructure and properties allows engineering of the surface to produce optimum
coating properties for a particular application. Mochvan and Demchishin " were the

first to classify thin film microstructures and identified three distinct microstructu
zones as a function of the homologous deposition temperature T/Tm ratios and gas
pressures, Fig. 2.16. At low temperature of less than 0.15T/Tm, zone 1 microstructure
formed which consists of tapered columns with domed tops and is determined by
conditions of low atom mobility. At low substrate temperature, an open columnar

structure prohibits sufficient atom surface diffusion to compensate for shadowing of t
intercrystallite valleys by the crystallite peaks. Zone 2 formed, when the surface
temperature is increased between 0.15 and 0.45T/Tm. In this zone, surface diffusion

becomes more important and the microstructure of the coating consists of parallel sided
columnar regions with a more denser structure and a smooth surface topography than
those for Zone 1. At the highest temperatures (0.45 to 0.75T/Tm), bulk diffusion also
becomes important and the zone 3 formed. The microstructure in this zone is consists
of equiaxed grains and fully dense due to rapid surface diffusion. Later work by
Thornton , suggested that at substrate temperatures above 0.75T/Tm, the presence of
a sputtering gas would modify the Mochvan model and a further region was identified
(called zone T) which consists of poorly defined fibrous grains with low defect
densities and hence low internal stresses because the high temperatures allow
development of stress free grains which form easily by recrystallisation.
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TRANSITION STRUCTURE
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FIBROUS GRAINS
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CONSISTING OF TAPERED
CRYSTALLITES SEPARATED
BY VOIDS
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Fig. 2.16.

COLUMNAR GRAINS

RECRYSTALLIZED
GRAIN STRUCTURE

TEMPERATURE (T/TM)

Thornton zone model showing microstructure as a function of relative
substrate temperature and chamber pressure .

FADS has been used to deposit a wide range of metal, alloy, compound and
amorphous-diamond film at deposition rate of up to 40u-m/h for Ti metal with a 95 A
operating arc current, and at 2x10"^ Torr vacuum pressure. Compound films such as
titanium nitride and molybdenum nitride as well as VN, ZrN, NbN and Fe3N4 have
been prepared by introducing reactive gases into the deposition chamber. In the case of

filtered arc, this is possible without poisoning the cathode since the source is situate
along the duct, away from the site where the gas is introduced. Highly transparent
oxide films for optical films have been deposited by introducing oxygen to the
chamber •
The primary attraction of the filtered arc in addition to the high quality metal and
compound films is the extremely high rates of deposition rate. It is expected that

multiple cathodes and industrial scaling of the technology will see the filtered arc a w
used tool to deposit thin film coatings.
2.1.3. Temperature Control
Thin film deposition relies on elevated temperatures, to enhance film adhesion, control
the morphology of the growing film and to activate the reaction between metal and

Chapter T w o

Literature Review (Surface Engineering Technologies)

reactive gas in a reactive deposition process. Initially, coating was conducted at as h
a temperature as the substrate can tolerate to ensure good adhesion, although high ion
energies reduce this requirement. As coating thickness increases the temperature is
reduced because film morphology is more a function of ion bombardment than
temperature.
The high energy density at the substrate produces rapid heating during the high bias
stage and during deposition, especially for a thick coating. To avoid overheating and
keep the substrate temperature within narrow limits the total power can be adjusted
either by the arc current or the bias power.
One unique advantage of CAPD is its ability to deposit fully reacted hard coatings at
low temperatures (150-200°C) whereas other PVD processes require temperatures in

excess of 400°C to ensure full reaction. This result is derived from higher ion energie
(86)

and the higher degree of ionisation achieved in the C A P D process .
2.1.4. Effect of Substrate Bias
The growth of vapour and sputter deposited thin films at low substrate temperatures
produces films with many defects which affect the physical properties of the material.
This defective structure is caused by the geometric shadowing of regions due to the
finite size of the deposited atoms. The structure depends on substrate preparation,
angles of incidence, energies and rate of arrival of incoming particles and on any
movement of the atoms after deposition due to thermal or bombardment induced
motion. Ion bombardment of the growing film can significantly alter the microstructure
of the film by promoting atomic motion during deposition.

When the substrate is biased negatively, the electrons from the plasma are repelled and
the heating effects associated with electron bombardment are reduced. As the negative
bias is increased the amount of ion bombardment of the substrate and growing film
increases, which increases the temperature of the substrate. The advantages of ion
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assisted deposition are increased hardness , improved adhesion, and higher density
films with a fine grained microstructure. Adhesion is improved by
i) Desorbing loosely bonded impurity species.
ii) Generating an increased density of nucleation sites for coating growth.
iii) Overcoming activation energies for forming interface compounds
iv) Promoting a compressive stress state in coatings and
v) Enhancing adatom surface mobility.
When a bias is applied to a substrate, particle bombardment occurs which results in
backsputtering and the deposition rate is decreased. The application of a negative bias
will also lead to deposition of atoms of the substrate holder and the mask onto the
substrate as well as substrate heating.
2.1.5. Adhesion
There are certain subtle differences between the techniques that need to be appreciated
if a proper comparison is to be made. For example, the microstructure, chemical
(19,20,89)

composition and surface integrity are all influenced by the deposition technique
In turn, all of these characteristics affect the tribological behaviour and functional
(21 89-90)

characteristics of the coating

. Nevertheless, a structurally sound coating will be

trivial unless satisfactory adhesion is achieved between the coating and substrate. The
crucial issue in all these techniques is to achieve high adhesion, high hardness and low
roughness without sacrificing deposition rates. Thus, adhesion is considered one of the
most important prerequisites of engineering coatings for use in tribological
environments. If the interface adhesion is poor, coating detachment may occur and

lead to premature failure. In all coatings, there are a few things to be consider prior t
coating, these are as following;
a) Precleaning of substrate is very important to ensure good adhesion between the
substrate and the coating.
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a) Grease and oil should be removed by a vapour degreasing system, while
b) Oxides are removed in either alkaline or acid solutions followed by ultrasonic
agitation.
The high ion-bombardment by FADS, results in sputter cleaning of the substrate
surface, removal of any residual thin oxide layer or foreign contaminants at the
interface and produces an strong atom-atom bonding. The substrate is also heated by
this ion bombardment and modified by ion induced damage. Fig. 2.17 (a-b), shows a
molecular scale, the variation between a high energy coating such as filtered arc
compared to a low energy coating such as electron beam evaporation. Low energy
coatings are characterised by atoms which stick where they arrive due to low mobility,
resulting in a poor density coating filled with voids and impurity atoms (Fig. 2.17a).
Fig. 2.17b, the positive ions are attracted to the negatively charged substrate with
sufficient energy to clean off surface atoms and diffuse to low energy sites resulting
higher density coatings with less contamination.

0

Coating A t o m

• Impurity Atom
Fig.2.17. Model showing the difference in coatings for high energy cathodic arc
(88)

and low energy electron beam evaporation deposition
In addition, the high energy bombardment stage deposits a thin layer of the unreacted
partially reacted target material which greatly enhances the adhesion and hence
performance due to the better matching of expansion coefficients between the coating
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and the substrate. The thickness of the interlayer is relatively small (<200nm)
otherwise the interlayer may have a detrimental effect. For example, a titanium
f89-92) C89-

interlayer has been shown to lead to substantial increases in adhesion

. Rickerby

90)

has shown that wear resistance is also increased for an increased interlayer thickness.
The origins of improved adhesion were attributed to two factors.
a) Chemical Gettering Effects: titanium reacts chemically at the surface to dissolve
weak oxide layers.
b)
Mechanical Effects: the titanium interlayer acts as a soft compliant layer which
reduces the shear stress across the coating substrate interface and hinders crack
propagation in the interfacial region.
During coating, an increase in adhesion is observed with increasing bias from 0V to
100V. Above this level, little improvement in adhesion is observed. Although, the
coating structure changes from a columnar structure at 0V bias to a nearly equiaxed
structure at 400V bias.
2.2. Classification of Surface Treatments
The surface of steels is treated by a variety of methods for a variety of reasons to
improve the surface properties and performance of components. For instance, by shotpeening to develop a harder and a more favourable residual stresses at the surface; heat
treatment to austenitizing temperature just the surface layers, followed by quenching to
form a layer of hard martensite which produces a more favourable residual stresses at
the surface; and hardening by altering the chemistry of the surface in order to improve
the mechanical properties and develop a more favourable residual stresses at the
surface. The engineering solution of forming essentially a composite material with
enhanced properties in a case supported by a cheaper core material is almost always less
expensive than the alternative, where possible, of bulk material with the desired
combination of properties.
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Surface treatments can be further subdivided and categorised into thermal and
, . , (19-24,93-95)

thermochemical treatments
2.2.1. Thermal Treatments
Thermal treatments can be accomplished by a number of methods, such as by the use of
a induction and flame hardening, laser hardening, solar radiation, and electron beam
hardening. These processes are mainly applied to the components where selective
hardening is preferred, for example complex shapes may be hardened (only the
conversion of the surface layer to austenite, followed by cooling to martensite without
changing the chemistry of the surface layer and the core properties) safely in specific
regions where complete surface hardening may crack the components. Since no
compositional changes occur in these processes, the surface hardness achieved is
normally similar to that produced by conventional transformation hardening methods,
(96-99)

an important modern addition to this group is laser treatment
2.2.2. Thermochemical treatments
Thermochemical treatments may be conducted in austenitic or ferritic conditions,
which involves the diffusional addition of metallic or non-metallic elements into the

steel parts by altering the chemistry of the surfaces of steels. For instance, carburisi

is classed as austenitic, since it is carried out at temperatures where the steel is eit

wholly or partially austenitised. Whereas, nitriding is a ferritic process which involve
the addition of nitrogen to the steel below the eutectoid temperature (592°C) where the
steel maintains its bcc-iron form, and has the advantage of avoiding the distortion of

steel parts that may be associated with the austenite to ferrite/martensite transformati
Moreover, surface hardening by nitriding does not involve the formation of martensite.
Instead, it is associated with the formation of nitrides, which increases the hardness,
wear and corrosion resistance of steel parts and further improve the fatigue properties
. , (19-24,96-99)

of materials
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Currently, there are number of new emerging processes developed which allow the
diffusion of nitrogen atoms into the materials so much more rapidly than the
conventional nitriding process. In the following sections, a comparison has been made
between the old, new and the hybrid nitriding treatments.
2.2.2.1. Methods of Nitriding
Nitriding processes have been a commercial reality for over 60 years and has been
successfully used to enhance the wear resistance, corrosion resistance and fatigue
properties of steel parts with a minimum of distortion'953. In this work, the three
methods of nitriding - gaseous, plasma, and ion implantation will be studied, followed
by a consideration of the most recent process known as Plasma Source Ion Implantation
(PSII)(,00) and Plasma Immersion Ion Implantation (PHI)
2.2.2.2. Gas Nitriding
Gaseous nitriding was invented by Adolf Fry(102) in 1923 and it has been used
successfully for surface hardening of the industrial parts. In this method, the steel
are heated with pure anhydrous ammonia gas (NH3) normally at temperatures between
500 and 580°C for 10-100 hrs. The ammonia partially dissociates catalytically on the
surface of the workpiece and releasing nascent nitrogen, by the reaction below which
combines with the elements in the steel to form nitrides.
NH3 = [N]Fe +3/2H2
The disadvantages of conventional gas nitriding technique are;
i) formation of thick compound layer which can not be controlled during the
treatment
ii) longer treatment times
Furthermore, in some applications, the high nitriding temperature may also be

detrimental to the substrate properties. It is for these reasons that gas nitriding ha
largely replaced by plasma, or ion nitriding.
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Plasma Nitriding

A better way to control the compound layer during nitriding treatment is by Plasma
nitriding method, otherwise known as Ion-nitriding, Glow discharge. Berghaus003'

patented plasma nitriding in 1932 and it was commercially used in Europe in the 1960's.

Fig. 2.18, shows a typical plasma heat treatment process which consist of a cold walled
vacuum furnace contains a work table to support components, vacuum pump, the gas
distribution system and electric unit.
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Fig. 2.18.
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Schematic of glow discharge nitriding apparatus'95'..

Plasma nitriding utilises an accelerated nitrogen ion derived from a gaseous medium

(nitrogen, nitrogen plus hydrogen or nitrogen plus NH3) at a pressure of 100 to 2 x IO
Pa (1-20 mbar). Under these conditions, the molecules and atoms of the treatment gas
are excited and ionised when a suitable D.C. voltage (100 to 1500 volts) is applied

between the workpiece (cathode) and the wall of the furnace (anode). Hence, under this
potential difference, a typical luminous phenomenon known as glow discharge is
formed. The ballistic kinetic energy of ions is converted by the ion bombardment into
thermal energy, which not only heats the workpiece from its surface, but also partly
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causes cathode sputtering and implantation of ions, thus driving out electrons and
elements such as Fe, C and O from the workpiece surface.
S o m e of the advantages of plasma nitriding over gas nitriding are summarised as
follows'95' 103-104):
•

A better process parameters control eg. temperature, atmosphere composition,
and discharge parameters, which led to accurate control over compound layer
formation
Very regular case depth
Reduced treatment time for the same case depth.
The potential to nitride below gas nitriding temperatures
Successfully nitride the depassivation materials such as stainless.
Ease in selective nitriding of surfaces.
Reduced energy and gas consumption as high as 9 5 % .
Post treatments m a y be eliminated in most cases due to the inherently high
quality of surfacefinishobtained
Environmentally non polluting

Some of the disadvantages of the plasma nitriding process are:
Arc discharges during the heating cycle can damage the components, if they are
not properly cleaned
D u e to the power/surface area relationships, components with similar size m a y
not be plasma nitrided in one batch.
High initial plant cost.
2.2.2.4. Ion Implantation
Nitrogen implantation into metals is relatively n e w and compared with semiconductors
the amount of research that has been done into its effects on metals is small.
Knowledge is however gradually being gained in the field and understanding of the
effects of implantation is growing, especially in thefieldof hybrid implantation(9

)0)

.

Ion implantation causes modification to the surface behaviour of any solid by
accelerating ions to the specific energy level, at high velocity, which alter the
composition and structure of the near surface of the materials, without affecting its bulk
properties'303. The implanted layers are typically in the order of 50-100nm thick, this
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surface modification improves the hardness,friction,wear and corrosion resistance and
fatigue strength of the materials'1053. Many reports suggested that implantation
significantly increases wear resistance of materials, particularly in the specific
application where wear rate are moderate-to-low, such as drill bits for printed circuit
boards and wire drawing dies . Increases of up to 10 times have been reported for
drill bits and 2-3 times for wire drawing dies , also the tool life of M2 pierce
punches in the manufacturing industry reported to be increased by a factor of 80%,
which used to produce holes in mild steel plate
Some of ion implantation advantages are;
• Unlike PVD processes, ion implantation is a non-equilibrium process which
generates high concentrations of mobile defects close to the surface and allows
solubility limits to be exceeded.
• The metastable (amorphous) phases formed can have favourable tribological
properties.
• Low temperature process, hence bulk properties such as strength, hardness and
toughness are not effected, which are critical for tribology.
• The depth of implanted layer can be easily controlled,
• No sharp interfaces exist negating any adhesive problems, not overly dependent on
diffusivity of species and original dimensions of article are retained.
Some of glaring disadvantages of Ion implantation are;
• The process is a line of sight method, in which the ions are raster across the target
• If the target is three dimensional, the process generally required target manipulation
to achieve a uniform implantation over the entire surface of the work piece
• During implantation, often required target masking in order to minimise grazing
incidence of the b e a m which produce excessive sputtering, which limits the retain
dose.
• Not as cost effective as to more conventional surface treatments, especially for the
large and/or heavy targets, and the throwing power is m u c h reduced in ion
implantation from that of other methods such as ion nitriding and hybrid
implantation.
• Even though the shallow case depth, do reduce wear in certain low wear rate cases,
the implanted layer is relatively quickly penetrated and the advantages of the hard
surface layer are bypassed quickly.
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2.2.2.5. Plasma Immersion Ion Implantation (PI^)
This technique was developed by only two research organisations. Plasma Source Ion
(99)

Implantation (PSII) at the University of Wisconsin

in U.S.A and Plasma Immersion

Ion Implantation (PI3) at Australian Nuclear Science and Technology Organisation
(100)

( A N S T O ) , Lucas Heights, Australia

. Both processes, eliminated not only the line of

sight for ions bombardment, but also the retain dose problem (ie the maximum dose

retained by the target is governed by the angle of incidence of the beam) and is a mor
cost effective technology then conventional ion implantation.. The difference between
the two techniques lies in the method of plasma generation. In PSII, the plasma is
generated by high energy electrons emitted from a biased multidipole filament and
confined by an array of permanent magnets situated around the chamber (Conrad et al,
1987). Whereas in the PI3, plasma is an inductively-coupled by radio frequency (RF)
glow discharge and there is no magnetic confinement.
The PI3 apparatus consists of cylindrical vacuum chamber as shown in Fig. 2.19. The
implanter is based on an inductively coupled (situated on the opposite sides of the
vessel) RF (Radio Frequency) plasma with around lxlO"3 mbar pressure and 250 W of
RF power at 12-13 MHz. This creates a uniform glow discharge (plasma sheath) with
an ion density of around lxlO'3 cm"3. The chamber is initially filled with oxygen free
nitrogen (ultra high purity). The samples are situated at the centre of chamber by an
insulated conducting rod (which also supplies the bias voltage for implantation) and
pulse-biased to a high negative potential using -45 Kv pulses of 50-100 us duration,
which forms the cathode of a bias circuit. The aluminium end plates of the chamber

form the anode of the circuit The temperature of the samples is controlled by the puls

repetition rate and the treatment temperature is usually reached after a few minutes o
operation.
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rf matching
circuit

Fig. 2.19.

Showing the Plasma Immersion Ion Implantation ( P P ) apparatus.

The ion rich sheath forms a high negative voltage pass through the target (work piece),
and effectively insulates the target from the surrounding neutral plasma. Hence,
nitrogen ions are accelerated across the sheath and bombard the surface at angles close
to normal, also through the treatment, the current, voltage and sheath width can be
monitored. The measured current, contains a significant contribution from secondary
electrons ejected from the surface of the target by impinging ions and from the heating

characteristics of the target. A reasonable estimate of real implantation current can be.
made due to ions bombarding of the surface. The capacitive voltage probe is also used
to measure the extent of sheath and this develops during implantation pulse, because of
the strong secondary electron emission and electron fluxes in the sheath is also
measured.
It has been demonstrated that at temperatures above 250°C, PI3 technique can be
(107)

considered as a hybrid of conventional ion implantation and plasma nitriding

This
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gives, the possibility of implanting nitrogen ions uniformly at energies up to 50 KV in

the surface of a component without affecting its bulk properties, significantly alterin
the structure, composition and also providing a diffusion zone up to 150 um below the
modified surface layer . It is believed that solid solution hardening and dispersion
strengthening by PI3 treatment is responsible for increasing the wear resistance and
microhardness of tool steels. It is suggested that an RF self-bias between the
sample and the plasma, measured at 200-300 V, would lead to substantial sputtering,
resulting in surface roughening. The treatments at 400°C and 450°C also resulted in a
broad surface peak of nitrogen, with a maximum nitrogen content of about 20 atom%
< i r- • ~ -i • s 1 (108>I09'

and the formation of an epsilon () layer
2.2.2.6. Advantages of PP* Compared to Conventional Ion Implantation
The PI3 technique and its American counterpart PSII are said to have many advantages
over conventional ion implantation techniques, these are as folio wings'1103;
• Elimination of the line of sight (ion accelerator stage, raster scan apparatus) and
target manipulator hardware.
• The possibility of production of nitrided layer at temperatures as low as 250°C.
• Nitriding can be carried out at atmosphere containing nitrogen with no hydrogen at
_3
pressures typically 10

mbar.

• Uniform treatment over the whole surface and the ability to treat complex shapes.

• Target bias is separated from the plasma generation circuit which in turn reduces the
possibility of arcing and offers better control of the process.
• Production of surface "metastable" phases with superior wear and corrosion
resistance compared to the equilibrium phases obtained by thermochemical
processes.
• Remarkable dimensional stability and good surface dignity of the treated samples.
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• Cost effective technology then conventional ion implantation.
In addition, treatment apparatus is extremely simple when compared to conventional
ion implantation equipment, offering the possibility of developing the process to be
scaled up to economically treat large work pieces. Furthermore, by combining HV ion
bombardment with low pressure RF plasma nitriding, PI3 offers the possibility of
lowering the treatment temperature and time. This is particularly interesting for the
treatment of steels such as some HSLA steel which soften at normal nitriding
temperatures. Furthermore, the modified surfaces, produces a nitrogen profile which is
a hybrid of ion implantation and ion (plasma) nitriding, and as such has often been
described as producing a duplex layer'100,110).
The PI3 process appears to offer the benefits of ion implantation, and yet overcomes
many of the problems associated with conventional ion implantation. The PI3 operating
temperatures (200-500°C) are well below plasma nitriding process, and the gas
pressures used are at least three orders of magnitude lower than for plasma nitriding.
As such, the PI3 process appears to have much to offer as a nitriding environment.
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3.0 TRIBOLOGY
The word tribology was coined just over twenty years ago and today is only appearing
in the most up to date dictionaries. For as long as mechanical devices have existed,
topics of tribology has been of vital interest to scientist, engineers and those who

or operate machinery. Formally, tribology is defined as "the science and technology o
interacting surfaces in relative motion and of related subjects and practices" . Its
based on the Greek word tribos (rubbing) and it deals with every aspect of friction,

lubrication and wear. Indeed, tribology is such a highly complex concept that its stu
is multi-disciplinary. For instance, contact mechanics in synergy with chemical
reactions and environmental conditions at the interface, must all be considered when
describing the system. Due to its dependence on many variables and/or properties,

tribology, friction and wear, are not intrinsic properties of materials but are relat

the engineering system in which they are used. Therefore, there is no direct correlat
between the physical, mechanical, chemical and metallurgical properties of materials
and their tribological behaviour. Hence, the subject embraces a great deal more than
just the study of rubbing surfaces.
Study in tribology is progressively expanding around the world, and successfully
recognised as a source of interactions between surfaces under relative motion

precipitate phenomena such as friction and wear. Both are undesirable, and wastefully
contribute to one third of our global energy consumption, which are a waste and
depletion of the national economy.

3.1 LAWS of FRICTION

The earliest researchers into friction thought that the friction coefficient and/or f
for any pair of materials was a constant, independent of the normal load and the
(112-114)

apparent area of contact, and dependent but little on the sliding velocity

. Recent

findings015) have recognised that they are not quite constant and clearly indicated th
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friction depends primarily on the nature of the sliding surfaces, the lubricants,
contaminants at the interface, etc. For instant, Rabinowicz study has shown that by
changing any parameter like load or sliding speed by a factor of 10, then the friction
coefficient changes up or down by 10% or less.
It is well established that friction values vary widely, being functions of sliding
velocity, load, elastic and plastic deformation, surface configurations, surface
roughness, surface temperature, lubrication, contamination, the nature and thickness of
surface films, time of stick and doubtless others. Many of these parameters quasirandomly with time and distance slid; the nature of the friction measuring apparatus
often changes the dependencies. Generally, the size and nature of the surface asperities
and junctions, at a scale of about 10 microns are regarded as especially important
factors

3.2. MECHANISMS OF FRICTION
The concept of surface contact, adhesion, deformation and fracture have been subject
of investigation over years . Current understanding of friction involves concepts of
elastic and plastic deformation, boundary lubrication by surface films, adhesion, and
surface forces. In general, Friction is the resistance encountered when two solids are
moved relative to each other, with the severity of friction given by the coefficient of
friction (u), which is equal to the ratio of tangential force (F) to normal force (N).
Friction arises because a portion of the tangential force required to cause motion, is
dissipated in non conservative processes.
When two surfaces are brought into contact, interfacial molecular and electrostatic
attractive forces are formed. The strength of the adhesive bonding for metals depends
• •

(U7)

on the free-electron density, the elasto-plastic behaviour of surface asperities

and

the presence of any surface films such as oxides. Adhesion is not the only contributor
to friction. The surface of metals consists of sharp peaks and troughs known as
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asperities. When a tangential force is applied, asperities on the softer surface will
to plastically deform. Hence the total friction force is given by
F = ^adhesion + Fdeformation
To combine these two sources of friction, Bowden proposed in 1950 , the weldingshearing-ploughing theory, which is now widely accepted to explain metallic friction,
Fig. 3.1. When two surfaces are brought together under load, local welding will occur

at junction points as the pressure at the asperity tips exceeds their flow stress. Thi
equilibrium state is disturbed when a tangential force is applied, which exceeds the
adhesive force and subsequently the junctions will be sheared off, with material

transfer. And if one metal is significantly harder, ploughing of the softer material w
occur. These dissipative processes continue as relative motion proceeds.

a) Ploughing

b) Welding and shearing
Fig. 3.1 (a-b). Showing ploughing of softer substrate ' and welding and shearing at
(119)

asperity contacts
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3.2.1. Plastic Deformation in Friction
When a metal is deformed plastically, slip occurs across various planes in the material
and energy is almost totally converted into heat. It is for this reason that Bowden
observed a very close correlation between frictional work and heat generated. If we

know the bulk deformation properties of a solid ie. its stress-strain curve. Then, it is
principle possible to estimate the amount of plastic energy expended in deforming it by
a harder slider (or an asperity).

In the specific example of a hard cylinder passing over a softer material in the complete
absence of interfacial adhesion, a rough picture of the deformation of a square element
is shown in Fig. 3.2. Bowden observed that as passage takes place, the element A is
first sheared in one direction (B), then compressed ie. the shear is now turned through
45° (C), then sheared in opposite direction (D) and finally released at E with a very
small amount of change in the shape of the element. Plastic work is expanded in all
these parts of the deformation process and this is accountable for in any valid
calculation of the plastic work expended. Of course, if adhesion occurs the
deformation is far more severe and more complicated.

Deformation
of element

Stresses on
element

Fig. 3.2.

Showing plastic deformation in friction.

3.2.2. Elastic Deformation in Friction
Elastic deformation of asperities has been studied for many years and many seminal
ideas have been introduced into tribology, for example Jack Archard model of
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multi-asperity contacts assumed that each asperity had a spherical shape. Assuming
elastic deformation in each asperity would give an area of contact proportional to w^/3
where w is the load born by the asperity. If however, the asperities are distributed in
height above some datum line the total area of contract of all the asperities is very
nearly proportional to the total load W=£w. This model was elegantly extended by
Greenwood and Tabor to cover the situation where some of the asperities may

exceed their elastic limit and yield plastically. Thus, they derived a plasticity index

shown that the total area of contact is very nearly proportional to the total applied l
(122)

The most direct study of this for metals was carried out by Pashley and Pethica
Experiments have shown that asperities deform elastically when a very fine point
brought into contact with the smooth face of a single crystal of the same metal. The
experiment was carried out in an ultra-high vacuum, the state of the surfaces was
characterised using Auger spectroscopy and the loads were of order of uN. Their
results showed that as the load is applied the area of the contact increases and the
behaviour suggested elastic deformation, Fig. 3.3.
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Contact point and pressure between two solids.
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Moreover, they indicated that the pull off force divided by the area of contact
corresponds roughly to the tensile strength of the metal. Thus, elastic contact leads to a
condition where the interface must be deformed plastically if the surfaces are to be
separated and there was also some evidence that surface forces may contribute to
(123)

plastic deformation as the surfaces are first brought together
3.2.3. Friction Fluctuations
The knowledge of the friction fluctuations on the nature of the junctions at the interface
of the two sliding bodies are of paramount importance to design engineer and research
scientist The early studies of friction fluctuations recorded in the early 1950's
which used to deduce junction size . It was assumed that a characteristic distance of
sliding was required to go from the static to the kinetic friction coefficient, Fig. 3.4.

ft

r1
ft

Fig. 3.4.

Plot of friction coefficient as a function of sliding distance.
(126)

Later work by Rabinowicz * observed that the occurrence of stick-slip is related to a

critical slip distance forms the basis of a method for eliminating stick-slip. If a sliding
system is made so stiff that the slip distance involved in going from static conditions to
full speed sliding to static conditions is less than the junction size (approximately 10
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um), then stick-slip is supersede, since one of the conditions associated with the onset

of stick-slip (ie, that the slip distance is greater than the junction size) is not obey
3.2.4. Significance of Stick-Slip

The knowledge of stick-slip and other frictional fluctuation phenomena is significant in
tribology. Bowden argued that the occurrence of stick-slip indicated that, with

prolonged time of stick, junctions were becoming stronger, and thus stick-slip indicates
junction strengthening . Haykin however, maintained that the presence of stick-slip
indicates merely that the friction-velocity function had a negative slope°27).
Rabinowicz agreed with Haykin, and indicated that he has encountered stick-slip
during rolling contact with rough surfaces, a situation in which strong welding of
junctions is highly unlikely. Rabinowicz has also found that, low sliding speeds give

more severe stick-slip, weak springs in the friction apparatus give more severe stick-sl

and if the distance slid during the sliding part of the stick-slip cycle is less than th
junction size, then the tendency to stick-slip is suppressed.
3.2.5. Variation of friction with load
If an engine or motor had a friction coefficient which was too big, then more input
power would have to be applied. Similarly, if a brake or clutch gave a friction
coefficient which was too small, a larger normal load would have to be provided.

An interesting finding of the recent few years has indicated that the friction coefficie
deceases for the range of materials combination (Ag, Au, PI and Ru), as the load
(1281

increases

. This behaviour has been attributed to a transition from elastic to plastic

loading, the influence of surface energy and various other factors.

3.3. WEAR DEFINITION
Wear is defined as the progressive damage and loss of materials which occurs between
one or more contacting components in relative motion; it is almost inevitable
companion of friction. Wear processes are influenced by many different factors and

Chapter Three

Literature Review (Tribology)

76

that "wear resistance" must therefore be treated as a systems variable rather than as an
intrinsic material property. The degree of wear may be influenced by load, velocity,

contact area, lubricant, geometry, surface finish, atmosphere, metallurgical properties o
the component, time and temperature etc. In some situations, a change in these
properties may reduce wear, whereas in other situations, the change may results in
increased wear. Therefore, it is necessary to have an understanding of the role of the
operating parameters in the tribological system before attempting to seek a solution to
particular wear problem

3.4. WEAR MECHANISMS
When protective films, such as oxide films, break down metal to metal contact occurs.

Consequently, loss of material from the surface takes place, or as it is referred to, wea
Qualitatively the degree of wear is described as being mild or severe . Mild wear is
restricted to the outer surface layers, with the surface remaining relatively smooth and
protected by an oxide and/or boundary layer. Under strenuous conditions, severe wear
arises when the oxide and/or boundary layer is ineffective (rate of oxide removal
exceeds rate of oxide formation), with the contact becoming metallic causing the
surface to become highly deformed and wear significantly increases.
Wear rate is a function of contact load and relative speed, and usually by increasing
either or both, wear is increased until a point is reached when severe wear reverts back
to mild wear at high loads and speed, Fig. 3.5. Archard"193 mathematically describes
wear rate W (volume per unit of time) as

H
where k is a constant (referred to as the wear coefficient), L is the applied load, V is
sliding speed and H is the hardness of the softer metal'1193.
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Transition from mild wear to severe wear with increasing load

The most generally accepted methods of classifying wear are based on the different

mechanisms responsible for the wear occurring. The broad classifications that can b
adopted are categories into four wear mechanism . These are adhesive (fretting and

oxidative wear), abrasive (low-stress, high-stress and gouging), surface fatigue, a
erosion, Fig. 3.6.
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Fig. 3.6. Represent the basic categories of wear and modes of wear.
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3.4.1 Adhesive Wear
When two clean metallic surfaces are loaded together, cold welded junctions will form
between contacting asperities. Upon application of a tangential force, these locally
adhered sections must separate with four possible outcomes :
1) shearing at interface, when the interface is weaker than either of metals,
2) one metal is softer than interface and the other metal and thus will be sheared
and adhere onto the harder surface,
3) interface is stronger than one metal and intermittently stronger than the other,
resulting in transfer of softer metal and occasionally of hard metal, and
4) interface stronger than both metals, with shearing occurring away from interface
and subsequently heavy damage of both metal surfaces, Fig. 3.7.

a) Initial asperity contact

b) Junction failure

c) Transfer of material

Fig. 3.7. Formation of junction points, and subsequent transfer of material .
Hence the degree of adhesive wear is a function of bond strength which in turn depends

on the materials. In real wear systems, thin films (contaminant or oxide) will be pres
on the surface, decreasing the bond strength and thus reducing wear. So, metals which

have the ability to quickly reform an oxide layer during wear, will tend to feature mil
(131)

wear
3.4.2 Abrasive Wear
Abrasive wear is due to hard protuberances or particles which are forced to move

against a solid surface, causing the softer material to be removed or displaced without

any contribution from adhesion('30). The type of abrasive wear is classified as two-body
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or three-body wear, Fig. 3.8. Two-body involves the abrasive sliding along the surface,
whilst in three-body the abrasive is caught between two surfaces " .
Several mechanisms have been proposed to explain how material is removed during

abrasion. In ploughing, material is displaced to the sides of the wear track (prows
formed) without any real material loss " . Microfatigue can follow ploughing, when
cracks occur in the cold-worked materials"253. As wear conditions become more

aggressive, a wedge can form at the abrasive tip, producing mild rates of wear as t

amount of material removed from the track is greater than that displaced. The final
most insidious form of abrasive wear is cutting which occurs under severe
conditions " . The abrasive particles or protuberances act as a cutting edge, and
remove large tracks of material from the groove (nearly equal to the volume of the
groove).

^ y *

a)

T w o body abrasion

b)

Three body abrasion
(120)

Fig. 3.8.

T w o mechanisms of abrasive wear
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Surface Fatigue

Fatigue wear is experienced when the surface is subjected to repeated stress cycles.
From the Hertzian theory of static elastic contact, the area of contact between a sphere

of an elastic material, when pressed (load W) against a plane, is a circular area of radi
a, given by:

(Wr

2/3

7ta^

where r = radius of the sphere,
(20, 132)

E = composite elastic modulus

Assuming deformation is purely elastic, the normal stress over the area of contact varies
as wl/3. Therefore, the normal stress is not uniform, but has a maximum in the middle

at tails off to zero at the edge. This translates to a variation of the shear strength wi
(132)

depth. From Hertz's analysis, the m a x i m u m shear stress occurs at a depth of 0.47a
Consequently with repeated loading, incipient cracks are nucleated in the plastically
deformed region below the surface, Fig. 3.9.
Load

I
Shear Stress

Depth of
Maximum
Shear Stress

(132)

Fig. 3.9.

Variation of shear stress with depth

Crack growth is driven by the oscillating load, resulting in delamination of surface
layers. The fine platelets which slide along the surface exacerbate wear, by promoting
(131)

further crack formation and growth parallel to the surface producing more wear
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3.4.4 Oxidation Wear
In oxidational wear, often talks about dominant plateaux of contact, tribological
oxidation constants, differential expansion of oxide and substrate, and macromicrohardness. These factors involve either the influence of temperatures generated
mechanical deformation (elastic and/or plastic) on the mechanisms of wear or the
influence of that deformation on the oxidation rate and hence the wear, Fig. 3.10.

Fig. 3.10.

Schematic of an oxidative wear.

All metallic surfaces are covered by oxide films, but these are quickly worn away

during the initial stages of wear. However the oxide film which forms in-situ, is abl
reduce wear. Wear rates have been halved , when the two counter surfaces have a

high degree of conformity, flash temperatures will be attained at the surface suffic
cause oxidation, even under moderate conditions (for v=lm/s and contact stress a
fraction of lGPa, temperatures of 450K can be reached"33'. The oxide continues to

grow until a critical oxide thickness is reached, when it becomes unstable and breaks
but due to frictional heating it is quickly replaced"" '. So throughout the wear, it
successfully protects the two surfaces.
3.4.5 Lubricated Wear
Lubrication is widely used to decrease wear (oil in the internal combustion engine),

minimises asperity contacts between two-sliding surfaces and carries part of the load
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When lubricant film thickness exceeds the combined surface roughness of the two
(131-132)

surfaces, hydrodynamic lubrication is attained

, and theoretically the bearing

materials should not be worn. If total separation is not obtained, boundary lubrication
exists, and still remarkable improvements in wear resistance are achieved.
3.5. Friction, Wear and Failure of the Coinage Die
The study of friction and wear in the minting application is a science by itself, due to
the complexity and number of theories that have been proposed to explain these failure
mechanisms. In basic terms, frictional stresses are generated as a result of deforming
metal sliding over the die surfaces. Altan describes the frictional conditions at the
interface as greatly influencing metal flow, surface defects, die stresses, load and
energy requirements. In coining, the amount of deformation is minimal when
compared to other large cold forming operations, hence the amount of metal flow
across the die surfaces is relatively low. However, due to the large loads involved in
the minting operation, frictional effects are substantial, as can be the formation of
surface defects transferred from the die surfaces. Altan also noted that in metal
forming processes, both plastic deformation and friction contribute to heat generation.
Approximately 90-95% of the mechanical energy involved in a process is transformed
into the heat(6). Since in the minting operations, no lubricant or coolant is generally
used at the dies interface, due to the use of closed-die configuration. The temperature
at the die surface can be quite high and when the coins are ejected from the press, they
are hot. Conran0

X)

observed coining of the aluminium-bronze for Australian $1 coin

ejected from the press at the speed of 300 pieces per minute and he described the
finished coins as "too hot to handle as it was ejected from the press".
Temperatures developed during the coining operation influence lubrication conditions,
tool life, the properties of the final product and determine the maximum deformation
speed which can be used for producing a quality product without excessive tool
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damage. Davies and Austin ' noted that the load necessary to overcome friction
increases rapidly with decreasing thickness of material. Therefore, to form thin discs
(eg. coins) satisfactorily, frictional effects must be kept to a minimum. Although, high

speeds coining operation help to reduce friction loads and assists the flow of metal into
intricate dies.
(6)

Altan

reported that abrasive wear resulting from friction is the most important or

prevalent die wear mechanism. In this type of wear, die material is actually removed
from the die surface by pressure and sliding of the deforming materials. The most
significant factors influencing abrasive die wear are the wear resistance of the die
material, the die surface temperature, relative sliding speed at the interface, and the
nature of the interface layer. Another important parameter is the shape of the detail on
the die surfaces and/or the convexity of the dies. Sarkar " explains that abrasive wear

is much more pronounced when sharp edges or high relief detail is present. It is for this
reason that the detail on coins, medals and other coined items are designed to minimise
wear as much as practically possible without detracting from an aesthetically pleasing
product.
Another form of wear formation on the coinage dies, occurs by the transfer of
nonmetallic inclusions on the die surface from blank (workpiece) materials which
contribute to progressive adhesive and abrasive wear failure . When, the materials

transfer to the dies, as a result of impurities on the blank surface, it will cause stres
marks on the die's surface. Stress marks is a term that used at the Mint to identify the
wear mode. Stress marks are small radiating marks which initially formed as a film on
the die surface. When the thickness of the film is increased, the film will break up and
scratches the die surface. As a result, this will reduce the die life and considerably
increases the reject rate.
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Apart from wear, the principle modes of die failure are usually thermal fatigue,
mechanical fatigue or plastic deformation. Thermal fatigue results from cyclic yielding
of the die face due to contact with the hot deforming metal. This contact causes surface
layers to expand, and because of the temperature gradient, the surface layers are subject
to compressive stresses. When the die cools a stress reversal may occur and the surface
layers will then be in tension. After repeated cycling in this manner, fatigue will cause
formation of a crack pattern on the die which reduces the die life. This form of failure
is usually occurring on the circulated and uncirculated dies, due to the high cyclic
loading and unloading coining operation.
Dies breakage or cracking is due to mechanical fatigue and can occur in cases where

the dies are overloaded and local stresses are high, due to the high convexity of the dies.
The dies are subjected to alternating stresses due to loading and unloading during the
. . (14, 136)

coining process

. This causes crack initiation and eventual failure. In general,

the stresses on coining dies are not distributed uniformly, stress peaks occur along relie
edges and changes in cross-section. If, these stresses exceed the material strength, the
result is tool failure. Hoverer, if these stresses can be elastically met or reduced by
local plastic deformation, the tool will not fail because of crack formation or fracture.
Therefore, the coining stamp must possess sufficient toughness, to reduce stress peaks
by way of plastic flow.
3.5.1. Aspect of Die Life
It is impossible to compare the dies performance from one mint to another, due to the
fact that die life depends on a great number of factors, such as, tooling material, coin
material, quality of blanks, depth and intricacy of die cavities and general working
conditions . Furthermore, coining dies are exposed to compressive loads with load
changing continuously from zero to a maximum value. Thus, the type and intensity of
occurring stresses depends largely on the surface quality and design features of the tool
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which are mainly responsible for the die life. Table 3 shows the typical average die
lives and dies rejected due to excessive wear used for Australian circulating coin
production.
T A B L E 3.

Average die life (number of coins minted)

A V E R A G E DIE LIFE (xlOOO) A V E R A G E DD2 LD7E (xlOOO)
( W O R N DIES
(OVERALL)
DDZ

OBVERSE

REVERSE

OBVERSE

REVERSE

lc
2c
5c

657
279
210
231
305
122

950
847
547
242
261
228
74

*

*

302
710
177
167
140
215
53
145

364
710
203
111
174
215
60
212

10 c
20 c
50 c

$1
$2

1168

YEAR
1986
1988
1986
1985
1988
1988
1988
1988

(* - In a production run in excess of 70 million coins, no dies had worn out, although
dies have failed for other reasons, mainly cracking)
Coinage dies are often hard chromium plated to improve the tool life. The plating

increases the wear resistance (surface hardness 1000 HV) and improves flow behaviour
of coinage materials combined with a lower susceptibility to sticking. The dies are
stress relieved after plating, to avoid hydrogen brittlement.
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4.0 EXPERIMENTAL PROCEDURES
This project was essentially conducted in four stages or phases. In phase I, a range of
tool steels were considered and their suitability as potential candidate materials for
coinage dies were assessed. The most promising tool steel was subsequently
treated/coated by Plasma Immersion Ion Implantation (PI3) and Titanium Nitride (TiN)
coated by Physical Vapor Deposition (PVD), using Balzer and Filtered Arc Deposition
System (FADS) in phases II and III, respectively. In phases II and III a thorough
microstructural and tribological characterisation was conducted to find the optimum
processing parameters for PI3 and TiN coating. The final phase (IV) was primarily
concerned with the evaluation and performance assessment of surface engineered
coinage dies to produce production (circulating) and proof coins. Optimum process
parameters for PI3 and TiN coating were utilised to treat 5 Cent production and 10
Cents proof dies. Extensive coining trials in comparison with the standard hard
chromium plating enabled the performance ranking of each surface treatment/coating.
In the following sections, the most pertinent experimental details common to all stages
of this work have been described. More specific experimental techniques used in one
or two stages only are described in relevant chapters dealing with those aspects of the
work.

4.1. Microscopical Examination
A range of microscopes were used to examine different morphological and
microstructural features on test-pieces and dies. For instance, a low power stereo
microscope provided insight into the fracture characteristics of tool steels and the
surface integrity of dies before and after treatment/coatings and finally after the
coining operation.
Microstructural examination was carried out to determine cleanliness and
homogeneity of microstructure in terms of the size, shape and morphology of carbides,
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inclusions and porosity. All the specimens were sectioned, mounted and polished
metallographically. Polished specimens were investigated in both un-etched and
etched conditions (2.5% Nital solution) using a Leitz optical microscope.
To reveal very fine microstructural features and details of the fracture surfaces, a
Hitachi S450 scanning electron microscope operating at 20 kV, was employed. All the
mounted samples were carbon coated prior to examination in the SEM, and the
fracture specimens were glued to a conductive tape. Secondary and backscattered
electron (SE, BS) detectors afforded information on topographical, compositional and
fracture details, respectively. Qualitative x-ray microanalysis, using an Energy
Dispersive Spectroscopy (EDS) equipped with a Si-Li detector was used to obtain
chemical information regarding the make-up of different microstructural constituents.
SEM in conjunction with EDS was also used extensively on various areas of dies to
examine the surface defects such as voids, inclusion and material build up, due to the
coining operation.

4.2. Surface Roughness Determination
A key aspect of any surface treatment to be applied on proof dies is the ability to
preserve the original mirror finish of the die without any deterioration. It was,
therefore, imperative to assess the surface finish of the die before and after
treatment/coating.
Much of the experimental investigation of surface finish has been carried out using
stylus instruments, leading to a graphical representation of the surface by one or more
line profiles. These can be chosen to emphasis or de-emphasise certain aspects of a
profile.
In general, a profilometer output will contain low-frequency short-wavelength signals
describing the form (or errors of form) of the surface, limited at the low end by the

finite travel of the stylus, mixed with progressively higher frequency signals describin
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waviness and roughness, limited at the upper end by effects due to the finite dimensions
of the stylus. The divisions between form, waviness, and roughness are somewhat

arbitrary and subjective. Particular combinations of electronic filtering and stylus trav
have been agreed on in national standards, and facilitate comparison of surfaces by
different workers, but the choice of which "cut-off to use must still be made based on
the nature of the surface and the intent of the analysis for specific application.
A surface, which is nominally flat and smooth, will always have some roughness
texture, which may vary from fine to coarse according to the finishing process used.

The surface texture is quantified by parameters which relate to certain characteristics o
the texture. Some of the terminology used in surface roughness measurement is as
followsO3?,^).
Cut-Off; The limiting wavelength at which the components of the profile are passed
nominally unchanged by a filter; i.e. wavelengths shorter than the selected cut-off are
included and wavelengths longer than the cut-off are excluded.
Assessment Length; This is the length of the surface over which measurements are
made. It is normally assessed over several sampling lengths.
Sampling Length; The length of surface selected for making a single assessment of a
parameter. This is normally the same length as the cut-off.
Traverse Length; The length of a surface traversed by the stylus during a
measurement. This will normally include a run-up length to allow for filter setting.
The main criterion for selecting a surface texture parameter is: Can it be related to the
performance or to the production processes it is controlling ?. In other words, does the
parameter value change rapidly or slowly, regularly or irregularly, with the function it
monitoring ?. Thus, in this work, Ra parameter was used for surface characterisation.
Although, other parameters were recorded for monitoring the surface roughness of
coinage dies.
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R a is universally recognised, and most used parameter of roughness. It is the arithmetic
mean of the departures of the profile from the mean line (centre line), through a
prescribed sampling length L. Thus, the Ra value of the surface is the average height
the profile above and below the centre line (Fig. 4.1).
A Talysurf profilometer was used for surface roughness determination (Ra) and to
compare the surfaces of as-polished (hardened and tempered) tool steels with the PL*
treated and TiN coated specimens. The diamond stylus tip was 2.5 Lim in radius and to

eliminate long wavelengths irregularities, a cut-off length of 0.08 mm was used with a
traversing length and speed of 12 mm and 0.05 mm/sec, respectively. At least six
measurements were made along the X and Y axes of specimens, and the average
readings were recorded.

hl+h2 + h 3 — h n

R.

W h e r e h is the height of (he profile above or below
the centre line al points al unit distances apart.
L Unils « Sampling length.

Fig. 4.1.

Surface roughness parameters.

4.3. Hardness Measurements
The ease of operation of Rockwell C hardness tester (HRc) has resulted in its

widespread acceptance for determination of hardness of hardened steels, especially in
heat treatment shops. In this work HRc was used to measure the core hardness of

different tool steels after heat treatment. It was also used after surface treatment

as PI3 and TiN coating to ensure that these treatments/coatings have not over-tempered
tool steels.
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Microhardness testing w a s employed to monitor the variation in hardness, in surface
and near surface regions, induced by different surface modification treatments.
Accurate and reliable microhardness determination of implanted and PVD coated
surfaces is a formidable task. The difficulty arises since an extremely thin layer is
produced, and this usually results in deformation of both the coating and the substrate
under load. Such tests lead to a 'composite' hardness number. Common practice among
workers in the coating field is to minimize the size of the indentation in an attempt to

ensure that only the hardness of the coating is measured, i.e. there is no contribution t
the measured hardness from the substrate.
In order to achieve this, the coating thickness (for Vickers indenter), must be
approximately 10 times the depth of indentation and approximately 5 times for Knoop

hardness testing039'. This requires the use of a very low load microhardness tester. It is
therefore imperative that the hardness of thin coatings should always be quoted in

conjunction with the thickness, microstructure, the type of indenter, the type of machin
and the load employed for indentation. It is only under these circumstances that the
intrinsic hardness of material can be studied and the effect of different coating
technologies and process parameters investigated. Fig. 4.2, shows the comparison
between Knoop and Vickers indentations using lOOg load on harden steel.

41.11 H

K n o o p indenter
2.31 Ji

Fig. 4.2.

Comparison of knoop and Vickers indentations using lOOg load on
harden steel.
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The variation of microhardness of the hardened, PI3 treated and TiN coated surfaces
with penetration depth were assessed, using both Vickers and Knoop microhardness
testers. The data derived from hardness testings are only meaningful in a statistical
sense, so every effort was made to avoid operator error and thus keep any errors
consistent. Throughout the work, the calibration of the instrument was carried out
before each set of tests, and care was taken to keep indentations well spaced in order
avoid any work hardening interaction between adjacent impressions. The results
presented, represent the mean of each set of measurements, and the associated error
limits are the 95% confidence intervals for each set.
All the Vickers microhardness measurements were carried out on the top surface of
specimens, using a Carl Zeiss MHT-4 instrument. This instrument is capable of
producing very accurate measurements within the load range of 0.05 - 200 g; although,
the minimum load employed was 5 g. The application of load in this system is via an
electromagnet which allows the approach, rate of loading and duration of loading to be

controlled. For instance, with increasing load, the penetration depth increases, as doe
the indentation diagonal. The total depth of indentor penetration during hardness

testing should be 1/7 of the diagonal length; as the indent load increases, so does the
depth of penetration.
Therefore, the measured hardness is affected by material up to 10 times the indent
depth(14°), and as such a judgement as to the case depth should be possible from the

trend of hardness with increasing load. In all the tests, a 4 seconds approach time wit
a 20 g/secs loading rate and 20 seconds holding time were used. Several loads
between 5 and 200 g were used to measure the hardness of the specimens. At least 10
indentations at each load were completed for each sample and the average was
recorded.
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Knoop microhardness measurements were performed, using a Wilson X-Y AutoTraversing system (TTJKON). This instrument utilise a Knoop shaped diamond
indentor and is capable of converting all the Knoop hardness to equivalent Vickers
(Hv), by the computer. A range of loads from 10 to 1000 g was used to measure the
Knoop hardness on the top surface of specimens. It should be pointed out that in the
early stages of the project the maximum allowable magnification of Tukon was 500x
which somewhat restricted the applied load. Even after installation of higher
magnification lenses (800x), Knoop impressions made by loads less than 10 g could
not be measured, due to limitation of software which only allowed the measurement of
diagonals greater than 10 Lim to be measured.

4.4. Tribological Characterisation
The most economical way to gain an insight into the tribological behaviour is by
conducting simulation tests and identifying the operating wear mechanism(s). The
Society of Tribology and Lubrication Engineers (STLE) documented some 300 different
methods of friction, wear and lubrication testing(141\ The most frequently used
instrument is a Pin-on-Disc wear tester. The pin-on-disc wear method has been used for
many years to investigate the tribological characterisations of materials and system.
Because of versatility of the pin-on-disc method it can be used for both adhesive and
abrasive testing under both dry and lubricated conditions. The same procedure may be

used for metals, polymer, ceramics, surface treatments, and coatings. It is possible to
carry out tests over a very wide range of applied load, speed and environmental
conditions. Thus, in this work, Pin-on-Disc wear testing was utilised to assess the
tribological behaviour after PI3 treatments and TiN coatings.
The wear testings were performed on a CSEM pin-on-disc tribometer, capable of
providing sufficient torque to maintain smooth operation from 0.5 to 550 rpm under

load. It was also possible to vary the sliding speed and to control it very accurately
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transducer on the loading arm of the tribometer enables the continuous monitoring of
coefficient of friction (LL). Fig. 4.3. shows a view of CSEM Pin-on-disc tribometer.

Fig. 4.3.

The View of C S E M Pin-on-disc tribometer.

Ideally during the wear testing, one track should be m a d e on each disc, but for the
economical and time saving reasons, five tracks were made on a single disc for each 5
N and 20 N loads, respectively. The normal loads (5 and 20 Newtons) were applied

vertically and parallel to the axis of rotation of the disc, by placing weights on the
pan. This produced a fiat wear track which facilitates post-mortem examination. A
fixed linear velocity of 0.3 m/s was used throughout this work, however, since more
than one wear track was performed on each disc, rotational velocity was varied at
different wear track diameters to maintain a constant linear velocity.
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Also, it was ensured that any increases in the number of revolutions in a series of t

was accompanied by a respective increase in sliding distance. Thus, a standard system
wear for testing of the tool steels was devised in such a way that the conditions of

testing between discs remained fixed for any combination of load and sliding distance
(Table 4.1). Individual tests were carried out for various number of turns or
revolutions (number of times the rider passed over any point on the wear track)
ranging from 1, 10, 100, 1000, 10000. In this way the problem of stopping and
restarting tests in a single wear track were avoided.

In many testing systems frictional force between the specimens is measured in additio
to the wear of the specimen, as changes in wear mechanisms are usually reflected in
the coefficient of friction. The frictional force, hence, the coefficient of friction
was continuously monitored to indicate whether any changes in wear mechanism
occurred. By fixing the stationary specimen to a rigid member, the frictional force
developed during sliding would be exerted on this member, and measured using load

cells. The load cells were calibrated before each series of tests, using a dead weigh
pulley arrangement.

Table (4.1). Wear testing parameters.
Pin-on-Disc W e a r System at Sliding Speed of 0.3 m/s
Track Radius Load Samples
Sliding
Number
Wear
per sec
(N)
(mm)
Distance (m) of Turns
track
10
5
1005
16
10000
A
10
20
15
942
10000
B
10
5
14
87.96
1000
C
10
20
13
81.68
1000
D
10
5
7.54
12
100
E
10
20
6.91
11
100
F
50
5
0.63
10
10
G
50
20
0.56
9
10
H
—
5
—
8
1
I
~
20
—
7
1
J
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4.4.1. Characterisation of W o r n Surfaces
There are basically three ways for measuring wear of discs in pin-on-disc tests(141):
1) by weight loss of the specimens,
2)
by weighing the wear debris produced, and
3)
by following dimensional changes occurring as the result of wear.

A chemical balance is all that is required to carry out wear measurement by the first t
methods. The weight loss method, although commonly used, is unlikely to be effective,
if the weight loss is very small compared to the total weight of the sample. The mass

resolution of the modern analytical balance is approximately 5 x 10"6g (5 ug), and so i
is not possible to resolve the volume changes with accuracy better than 6.0 x IO-7 cm3
(density of steel is taken as 7.9 g cm-3). The volume loss of implanted materials are
estimated to be of the same order of magnitude as the above-quoted figure, making this
method very unsuitable for this investigation.
It has been suggested(142) that wear track profile area and maximum wear depth are
more reliable substitutes and can be easily determined by the modern profilometer.
Therefore, it was decided to adopt the same parameters in this work.
A typical profile is shown in Figure 4.4. The numerically integrated area of the wear
profile was found to be sensitively dependent on the profile uniformity from point to
point along the track. Maximum wear depth (MWD) defined as the distance between

the original surface and the deepest part of the wear track profile, exhibited much les

sensitivity but was still subject to discrepancies arising from tracks which contained
or more narrow, deep grooves, cutting into the surface to more than twice the average
wear depth, eg. Fig. 4.5. Average wear depth determination, was devised to eliminate

the errors inherent in the prior systems, by determining the average depth of the track
from the track profile print out, after omitting the deep grooves.
The quantitative value of wear of all samples were assessed by measuring the cross
sectional area of the wear track with a Tencor alpha-step computer assisted
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profilometer. This instrument consists of a diamond stylus with a radius of 2.5 Lim that
was drawn across the wear tracks, using a tracking force of 10-11 mgf and capable of
resolving height (amplitude) difference of lnm. A computer collected the data from
the profilometer and plotted the removed wear area. Surface amplitude measurements
spaced 0.2 um apart, were made such that the entire wear track and some area adjacent
to it were covered to enable levelling of surface profile. At least four readings were
taken across the discs and two profiles were printed from each wear track.
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5.0 SELECTION OF TOOL STEELS
The first phase of this investigation involved microstructural examination, hardness

measurement and fractographic examination of six different tool steels, as part of the

screening program to select the best tool steel(s) for further processing. The tool s

were characterised, in terms of size, shape and morphology of carbides, inclusions, an

porosity. The steels were screened according to the requirements for coinage die stee

(Lit. review section 1.0) e.g. cleanliness and homogeneity of microstructure free fro

large carbides, pores, cleanliness, hobbability, polishability, impact strength, coina
cost, and suitability for the surface coating/treatment.

5.1 EXPERIMENTAL PROCEDURE
5.1.1 Tool Steels
Six candidate tool steels, in the form of discs approximately 45 mm in diameter and 5
mm thick, were prepared at RAM to a mirror finish equivalent to polish on proof dies.
All steels were hardened and tempered in a vacuum furnace. These tool steels were in
the following categories:
a, b, c)Three types of shock resistant tool steels, namely: SI, SI00 and Viking. The
first two are standard grades and the third one is a new grade developed by
ASSAB to replace Ml4 tool steel.
d, e) Two types of air hardening tool steels (A2A & A6A)
f) One type of powder metallurgy (PM) High Speed Steel (ASP23)

The chemical compositions of the tool steels, together with the hardening and temperin
parameters, and the resultant Rockwell hardness are listed in Tables 5.1 & 5.2,
respectively.
5.1.2 Microstructural and Fractographic Examination
Fracture surfaces were prepared for all tool steels by breaking them in a
controlled manner. First notching with a grade 01 cutting wheel to a distance
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approximately 2 mm below the hard Cr plated surface. The samples were then
immersed in the liquid nitrogen for 5 mins., to facilitate the fracture. Finally,
they were broken by impact at one free end of test-pieces, which were clamped
in a vice. The fractographs were studied to gain an insight into the fracture
modes and paths and the possible effect of inclusions, porosity and carbides
within the matrix on the fracture behaviour of the different steels. Moreover, the
fracture details were categorised and described. The fractographs were related to
the micro mechanisms of fracture that were active. The Atlas of Fractographs(143)
was employed for comparison.
It is recognised that fracture at a very low temperature will probably be different
from service fracture. Nevertheless, this is a technique usually employed to
examine the overall fracture behaviour of the substrates. It should be pointed out
that it is rare that evidence provided by the fracture surfaces alone will furnish
sufficient information to determine unequivocally the cause(s) of failure.

5.2 RESULTS and DISCUSSION
5.2.1.) Shock Resistant Tool Steels
a) S100 Tool Steel
The cross sectional microstructure of SI00 is shown in Fig. 5.1. No evidence of
banding was detected in the microstructure. The matrix consists of tempered martensite

with the characteristic fine acicular or needle-like pattern, albeit not very well-defined
and difficult to resolve, typical of steel containing around 0.3-0.5% carbon. General
precipitation of fine carbides, below a resolvable size, causes the matrix to appear as a
black aggregate in which the martensitic plate directions are still evident. In other
words, precipitation of fine carbides has increased the etching response and delineated
the martensite plates by decorating them.
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A discrete carbide phase (specially, s carbide) is precipitated w h e n steels containing
more than about 0.2% C are tempered at temperatures between 100 and 250°C.
Precipitation of s carbide can be detected only indirectly by optical microscopy because
the martensite in which the precipitation has occurred etches more darkly than
untempered martensite.
A small amount of white etching angular phase, dispersed in the tempered martensite,
can also be seen in Fig.5.1. This angular pattern is typical of retained austenite. It is
clear that even double tempering (at 200°C) has not been effective in eliminating the

retained austenite. It should be emphasised that the addition of 3.5-4% Ni in this steel i
responsible for lowering Ms and Mf temperatures. Hence, resulting in the presence of
retained austenite which increases toughness and shock resistance(144). Moreover, the
existence of an appreciable quantity of retained austenite resulted in lower hardness
values (52 HRC) which could lead to dimensional instability in precision tools
especially if the service or coating temperature exceeds the tempering temperature.
Some very small rounded features can also be distinguished which are probably simple
mixed carbides (Fe, Cr)3C. Some carbides maybe confused with white retained
austenite between black tempered martensite needles. Discrete particles of cementite
cannot be detected optically until tempering temperatures reaches 600°C. The fineness
and roundness of these carbides exclude the possibility of them being primary carbides,
suggesting that they might have precipitated during other heat treatment processes, e.g.,
annealing. Although Nital is not the most appropriate etchant to reveal prior austenite
grains, in this micrograph the former austenite grain boundaries are barely visible by
reason of a greater carbide concentration in these areas.
The vertical streak with the rounded black tail, in the central section in Fig.5.2,
represents an elongated inclusion consisting of two parts: the upper part is seemingly
opaque and has a light grey appearance, in bright-field illumination, characteristic of
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manganese sulphide inclusions. The lower part is translucent, so that a diffuse light

band present at the centre of inclusion is due to reflections from the bottom of the cent
of cavity which it occupies. Moreover, fringes may be observed at the edges of the
inclusion due to interference between reflections from the section surface and a sloping
back face of the containing cavity. These features are typical of glassy complex silicate
inclusions in steels^144).
Most of silicates in steels usually have a dark appearance and generally are more
rounded or irregular; they have a lower relative plasticity than sulphides and are
fragmented during hot working rather than being elongated like sulphides. However, it
should be pointed out that most oxides and spinels are also dark, small and angular. On
the basis of optical microscopy examination, the elongated feature is manganese
sulphide, which in this instance, is attached to an elongated silicate with a rounded
complex silicate and/or oxide inclusion.
Positive identification of inclusions was obtained by EDS, confirming interpretations
made on the basis of optical microscopy. EDS analysis of the upper part of the
elongated feature showed the presence of Mn, S and Fe, Fig. 5.3. Manganese sulphide
usually contains a small amount of iron because FeS and MnS form a continuous series
of solid solutions. Analysis of the dark rounded feature revealed the presence of Mn,
Al, Si and to a lesser extent Fe and S, Fig. 5.4. In spite of the fact that the EDS is
incapable of analysing for oxygen, nevertheless, it can be conjectured that the inclusion
essentially consisted of (MnS, FeS) + (Mn, Al) silicate and possibly some aluminium
oxide.
Fig. 5.5 shows an area on the fracture surface of S100 steel, exhibiting features typical
of mixed mechanisms of fracture i.e., cleavage/quasi-cleavage and ductile fracture. The
main body represents mixed mode and shows the streaks of MnS inclusions parallel to
the needle-like cleavage fracture ridges, but as the surface is approached the fracture
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becomes a more ductile type culminating in the shear lips, predominantly with a
dimpled texture. At higher magnification, SI00 micrograph shown in Fig. 5.6 clearly
demonstrates all of the above-mentioned features. Thus the very bright, elongated

feature marked A, is the cleavage ridge. The smaller ridges joining like river tributari
in the direction of crack propagation from bottom to top are also visible.
Although equiaxed dimples predominate, certain grain orientations near the top,
labelled as B, were unfavourable for ductile fracture by micro-void coalescence and
local cleavage occurred. Some tongues have also formed inside this grain. Tongues
appear on cleavage facets as very fine slivers of metals (see arrowhead on grain B).
These minute slivers of metal are usually aligned along well-defined crystallographic
directions.
Examples of quasi-cleavage facets on the fracture surface is marked as C, Fig. 5.6.
Poorly defined cleavage facets are connected by tear ridges and shallow dimples. In
steels that have been quenched to form martensite and then tempered to precipitate a
fine network of carbide particles (in this case s carbides), the size and orientation of
available cleavage planes within a grain of prior austenite may be poorly defined, true
cleavage planes have been replaced by smaller, ill-defined cleavage facets, which

usually are initiated at carbide particles or large inclusions. The small cleavage facet
have been referred to as quasi-cleavage planes because, although they look like

cleavage planes with river patterns radiating from the initiation sites, but until recen
they have not been clearly identified as crystallographic planes(143).
b) SI Tool Steel
The most obvious difference between S100 and SI is severe banding in the SI, Fig. 5.7.
Banding is the manifestation of a segregated structure consisting of alternating, nearly

parallel, bands of different composition, aligned in the direction of primary hot working
The faint vertical bands (light etching) represent the area where original carbides of
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eutectic origin, which after being broken up by hot-working, are now aligned in what
was the flow direction. The carbide stringers of the forged structure result in a higher
carbon content of adjacent austenite upon heating, resulting in austenite retained to
some degree upon hardening and even after double tempering to be visible.
There are some very coarse undissolved primary alloy carbides in this structure as

illustrated in Fig. 5.8, which are, by and large, confined to the faint bands, in accordance
with the above mentioned explanation of the origin of banded structure.
A major difficulty in manufacturing alloy steels is to break down the rigid type skeleton
carbide network which forms during solidification. These massive carbides present as
skeletons, envelopes, or laminations, are extremely refractory and almost impossible to
dissolve by heat treatment alone. The only method of successfully breaking down the
carbides is by forging or rolling interposed between annealing operations. The presence

of an undesirable distribution of the coarse carbides in this specimen is indicative of the
fact that the hot working was inadequate.
Some sulphide and silicate inclusions were observed in this steel. Fig. 5.9 depicts an
example of it; the small dark feature in the lower central part being the silicate. The
extremely fine black features could also be due to graphitisation. Although,
graphitisation might seem unlikely, because of low carbon content and the presence of
strong carbide formers, silicon bearing steels soaked at high temperature for even short
times are susceptible to this phenomena^44). Examination in the unetched condition
failed to substantiate the above hypothesis regarding the graphitisation. Furthermore, it
should be noted that the aspect ratio (length/width) of the sulphide inclusion in SI steel
is far smaller than S100 steel previously observed (cf. Fig. 5.2). This is yet another
indication that hot working for SI was insufficient to break down the cast structure.
Fig. 5.10 shows the fracture surface of the SI tool steel, which is littered by the riverlike cleavage features. The spacing and direction of these features corresponded exactly
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with the severe banding described previously and depicted in Fig. 5.7. Interband
cracking, arose from segregation of carbides into the bands that lead to an embrittled
structure which fractured under impact, can be seen. Cleavage fracture was favoured at
low temperature, under a condition of high triaxial stress that developed at the root of
the notch by impact loading. It is obvious that the severe banding provided an easy
fracture path along the embrittled region. This phenomenon clearly undermines the
suitability of this steel for applications where high impact strength is required.
The intraband regions show ductile fracture and contain dimples slightly elongated in a
parabolic shape oriented with the direction of crack propagation and also showing
evidence of the initiation points at the particles. The mechanism of ductile fracture is
generally related to the initiation of micro-voids at second phase particles, and their
subsequent growth and coalescence. As a consequence of this process, the fracture
surface, depending on the mode of fracture, viz; tension, shearing or tearing, the
dimples may have equiaxed or elongated shapes associated with them. When a fracture
occurs by tensile stress, the fracture plane is perpendicular to the loading axis, which
produces a dimple shape that is predominantly equiaxed. When the fracture plane of a
fracture is other than perpendicular to the stress axis, such as with shear or tear, the
dimple features are parabolic.
c) Viking
Viking tool steel displayed the most uniform and homogeneous structure compared to
S100 and SI tool steels. No trace of banding whatsoever was observed, Fig. 5.11. The
microstructure consisted of fine tempered martensite, largely free from undissolved
primary carbides. There was no evidence of optically resolvable retained austenite.
Occasionally, a few large carbides were found, but smaller spheroidised carbides were
more abundant, Fig. 5.12. Although the martensite was tempered at a relatively high
temperature (540°C), these fine carbides are probably too coarse to have originated by
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precipitation from the martensite, and are likely to be carbides which were undissolved
on reheating after quenching. This steel was very clean and only a few non-metallic
inclusions were noted.
Cleavage fracture features, to a much lesser extent than SI were also observed in this
steel as demonstrated in Fig. 5.13. The orientations and levels of facets vary across the
fracture surface and, in contrast to SI, does not show a unidirectional pattern. In other
words, no easy fracture path was available, and the brittle fracture initiated at some
region was arrested when reached a more ductile area (carbide free). This would
undoubtedly increase the fracture energy and reduces the possibility of brittle fracture,
which makes it a more suitable tool steel compared to SI00 and SI tool steels for proof
dies.
The fracture mode was predominantly ductile fracture, as evident by dimples on fracture
surface. The presence of inclusions/carbides resulted in local ductile fracture by microvoid growth. The crack propagation direction is from bottom to top.
5.2.2) Air Hardening Tool Steels
d) A2A Tool Steel
Figs. 5.14 and 5.15 show the microstructure of A2A steel at low and high
magnifications, respectively. Severe banding and associated massive primary carbides
were the dominant features. At higher magnification (Fig. 5.15) finer carbides and prior
austenite grains were discerned. The matrix consisted of tempered martensite with the
characteristic fine acicular or needle-like pattern. The finer carbides are discrete
particles of undissolved (Fe, Cr)3C and/or (Fe, Cr)7C3 carbides.
The large amount of chromium in this steel is primarily responsible for the formation of
carbides in the cast structure, which are not completely dissolved or broken up in the
subsequent hot working operations. (Fe, Cr)7C3 is stable at the austenitisation
temperature employed (950°C), and will only dissolve completely if the temperature
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approaches 1100C. The presence of vanadium has kept the austenite grain size to an

acceptable size by the virtue of the fact that vanadium carbide is very stable carbide an
inhibits the growth of austenite grains by a boundary pinning mechanism.

This steel was relatively clean and the presence of a small sulphide inclusion attached t
the elongated carbide in the central region shown in Fig. 5.15 is by no means a fair
representation of this fact. It was not possible to ascertain conclusively whether the
dark features associated with some of the carbides were inclusions or polishing

artefacts, i.e., pores resulting from the carbide fragments, which were pulled out of the
structure.
Fig. 5.16 shows the fracture surface of the A2A steel is littered by the river-like
cleavage features, in addition to dimpling, very similar to those observed in SI steel.
The spacing and direction of the cleavage facets (ridges) also corresponded exactly with

the severe banding present in this steel. Hence, similar mechanisms were operating, i.e.,
the severe banding provided an easy fracture path along the embrittled region.
Moreover, the presence of a large amount of primary carbides have also further

exacerbated the situation and facilitated the crack initiation and propagation. The brit
fracture of this steel clearly undermines its suitability for applications where high
impact strength is required. .
e) A6A Tool Steel
This steel exhibited mild banding, more severe than SI00 and less than SI and A2A

(Fig. 5.17). However, the bandwidths are greater than the other steels considered so far.
The band widths are usually controlled by the size of eutectic colonies, and the forging
reductions. In the absence of any information about these parameters, it is difficult to
speculate about the cause but suffices to say for a similar forging reduction, a smaller
eutectic pool size results in finer forged structure, which would persist in subsequent
operations.
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N o primary carbides were visible in this steel but sulphide inclusions comparable in
size, aspect ratio and quantity to those in SI were dispersed in the microstructure. The
large amount of sulphide inclusions is consistent with the fact that this is a resulphurised grade.
The matrix comprised tempered martensite with some evidence of retained austenite
which were not as pronounced as in SI00. The differences between the two air
hardening steels, namely A2A and A6A, are in accordance with their chemical
compositions. The high concentration of carbide forming elements being responsible
for severe banding and massive carbides in the former (A2A) and addition of
manganese leading to higher sulphides and some retained austenite in the latter (A6A).
The large, continuous cleavage ridges were, by and large, absent on the fracture surface
of this steel, as can be seen in Fig. 5.18. Again, this is in accordance with the
microstructure, which did not exhibit severe directionality. Absence of large primary
carbides is conducive to lack of large cleavage facets. However, large elongated nonmetallic MnS inclusions contributed to some brittle behaviour, which undermines the
suitability of this steel for applications where high impact strength is required.
5.2.3) Powder Metallurgy Tool Steel
f) ASP 23 Tool Steel
The lightly etched microstructure of a powder metallurgy ASP23 steel, Fig. 5.19, shows
finely spheroidised carbides in a matrix of tempered martensite; details are not too
evident at this relatively low magnification. Although this structure is predominantly
martensitic, the needle-like, or acicular, characteristic is not noticeable. Fine grains
together with many residual, undissolved alloy carbides, possibly of M23C6, MftC, and
MC types, are present in the structure.
A large number of dark etching regions are present which seem to be aligned in the hot
working direction. These were found to be associated with pores whose sizes have been
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exaggerated as a result of polishing m e d i u m oozing out of them and staining the
adjacent areas. Some delineation of the pores might also be due to corrosion caused by
the etchant sipping out of the pores. Ultrasonic cleaning only slightly reduced the
extent of the corrosion, indicating the presence of deep pores. Corrosion was also
observed around the sulphide inclusions.
The extent of porosity and their size, shape and size distribution were more
conveniently studied in SEM and an example has been presented in Fig. 5.20. The
majority of pores were sub-micron with some approaching 1-3 um. The larger ones
seem to have formed by coalescence of smaller pores.

Deep etching in this micrograph clearly reveals the fine grain size and acicular nature
the martensite. The topographical contrast unambiguously differentiates between the
carbides, standing proud of the surface, and the pores. The identification of the pores
further facilitated by their darkness and the white halo surrounding them due to
enhanced secondary electron emission from the periphery of the pores.
The carbides are standing proud of the surface because of their higher hardness, and
therefore lower polishing rate, compared with the matrix. The compositional contrast,
because of atomic number differences, allows identification of carbides. Thus, the
higher contrast, white particles contain heavy elements, mainly tungsten and
molybdenum in M6C double carbide; whereas the darker greyish particles are mostly
M.C carbides, corresponding almost entirely to vanadium carbide (VC or V4C3) which is
extremely hard and abrasion resistant and withstands solution even at very high
temperatures. Some particles also showed high concentrations of chromium, suggesting
that they could be M23C6 chromium based carbides. However, it should be emphasised
that chromium can be dissolved to a large extent in M6C and to a lesser extent in MC
carbides. Also, it is believed that all of M23C6 would dissolve into the austenite at
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about 1090°C and would not precipitate until tempering temperatures around 730°C are
reachedC145).
The heterogeneity of structure, particularly of particle size and distribution, is one of
inherent problems in production of high speed steel by conventional means. However,
it can be seen that the carbide segregation and irregularity in size is eliminated by the
powder metallurgy method and this particular grade of powder tool steel exhibited a
very uniform microstructure. Unfortunately, the presence of a large amount of porosity,
inclusions and the fact that radial cracking was encountered during the specimen

preparation indicates that the usefulness of this steel would probably be rather restricte
Micro-void coalescence plus tearing was observed in this steel manifested as parallel
longitudinal grooves, Fig. 5.21. The spacing and directionality of these grooves are
reminiscent of the aligned pores previously described and depicted in Fig. 5.20.
Occurrence of fracture by microvoid coalescence at numerous sites ahead of the main
crack front and the subsequent linking of these regions by tearing appear to be the most
evident form of fracture mechanism operating in this steel.
A horizontal band exhibiting brittle fracture can also be seen. These bands were
discernible even with stereo microscope appearing as shinny features. Both carbides
and pores are visible in the band but no other distinct feature, contrasting the band and
the adjacent areas, could be ascertained. Although transverse banding was not observed
in the microstructure of this steel, it is likely that some kind of segregation might have
formed during the hot working operation. Regardless of the origin of the banding its
presence certainly constituted a weak area and assisted the crack propagation, which
renders its usefulness for minting rather dubious.
5.2.3 Hardness Measurements
The hardness values for the shock resistant tool steels, in the quench and tempered
(Q+T) conditions, were very close and lie between 56 to 57 HRC (Table 5.2). No
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decarburisation was observed in these steels, and a uniform microstructure and hardness
profile existed across the samples, indicating a proper heat treatment.
The hardness retention of Viking steel is excellent and despite being tempered at 540°C
shows a high hardness only slightly below its as-quenched value. This is due to the
presence of molybdenum in this steel and associated secondary hardening. The
hardness of the other steels is in accordance with the values to be expected from
respective tool steels.
The higher carbon content of A2A compared to A6A, resulted in a higher as-quenched
hardness value. The higher chromium content retarded the rate of softening of
tempered martensite by slowing down the rate of growth of carbides. Therefore, despite
the fact that A2A was tempered at higher temperature (400 vs. 200°C), it still shows a
higher as tempered hardness than A6A. The maximum as-tempered hardness, as
expected, was associated with ASP23 due to its capacity for secondary hardening and
large amount of carbide forming alloying elements.

5.4 CONCLUSIONS

The microstructural characteristics of the tool steels that emerged from this work coul
be best summarised with reference to the banding, the size, shape and morphology of
carbides, inclusions and porosity. The impact strength of tool steels as a result of
fractography was also shown to be controlled, to a large extent, by the above-mentioned
features.
Steels that exhibited banding, namely; SI, A2A and A6A, fractured with a large
component of brittle fracture, manifested as cleavage ridges that followed the carbide
enriched bands. The severity of brittle fracture was found to be determined by the
severity of the banding. Thus, SI and A2A represented the worse cases, whilst the mild
banding in A6A resulted in a less brittle fracture.
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Although no banding was evident in the microstructure of SI00 and Viking tool steels,
both exhibited some degree of brittle fracture but the cleavage ridges were not
continuous, indicating that the segregation although localised was responsible for some
embrittlement.
ASP23 high speed steel being a powder metallurgy grade was free from segregation.
However, the presence of a large number of pores that were aligned in the hot working

direction, effectively provided weak sites and brittle fracture. The primary carbides, as

well as non-metallic inclusions, were also responsible for activation of brittle fracture
mechanisms; A2A and ASP23 contained a considerable amount of carbides whereas
SI00, SI and A6A showed high level of sulphides and silicate inclusions. As a result,
the performance of these tool steels will be hampered by the high levels of trace
elements and non-metallic inclusions on the die surface which reduces the die life.
Double electro-slag tool steels provided a much higher acceptance, due to absence of
surface defects and therefore reduced the die cracking caused by inclusions, large
primary carbides and banding structure.
In general, the most uniform and homogeneous structure was observed in the double
electro slag refined Viking steel, which had no trace of banding and was largely free
from undissolved primary carbides. This steel was very clean and only a few nonmetallic inclusions were noted. Therefore, Viking steel meet the requirements of RAM
specifications in terms of cleanliness, homogeneous structure free from large carbides,
pores, and high impact strength required for proof coinage dies. Furthermore, the fact
that Viking is capable of being tempered at high temperature (540°C), thus allowing the
application of surface engineering technologies such as PI3 and PVD coating, makes it a
serious contender as a suitable candidate for proof dies.

Chapter Five

Selection of Tool Steels

Table 5.1.

Chemical Compositions of tool steels (ASSAB).

Steels
TYPE

Chemical Composition (Wt.%)

AISI Desig.

c

Si

Mn

Cr

Mo

W

V

Ni

SI

0.45

0.9

0.3

1.15

0.25

1.95

0.17

_

S100

0.35

0.25

0.3

1.75

-

-

-

3.75

Viking

0.50

1.0

0.5

8.0

1.50

-

0.50

-

A2A

1.0

0.25

0.5

5.0

1.0

-

0.25

-

A6A

0.7

0.25

2.0

1.25

1.0

-

-

-

ASP23

0.83

0.45

0.40

4.0

5.0

6.40

1.90

—

Shock Resistant

Air Hardening

HSS

Table 5.2.

Steel
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Hardening and tempering parameters and hardness of tool steels
Heat Treatment
Tempering temp.
Hardening Hardness after
(°C)
hardening
Temp.(°C)
jst
2nd
3rd
(HRC)

Hardness after
Tempering (Re)
jst
2nd
3rd

SI

920

62

200

220

—

58

56

—

S100

850

62

200

200

—

58

57

~

Viking

1000

58

540

540

—

57

57

~

A2A

950

66

400

400

—

58

59

~

A6A

850

63

200

200

—

60

60

~

ASP23

1180

65

540

540 540

66

64

66
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•lag". lOOx
Fig. 5.1.

Optical micrograph of S100 tool steel, showing tempered martensite and
retained austenite (white angular phase).

Mag n . lOOOx
Fig. 5.2.

Optical micrograph of SI00 tool steel, showing M n S inclusions.
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X-ray analysis of vertical streak inclusion in SI 00 tool steel, showing the
presence of M n , S and Fe.

•fa^tM-TrW.

Fig. 5.4.

X-ray analysis of rounded black tail inclusion in SI 00 tool steel, showing
the presence of Si, M n and Al.
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Mag n . 280x
Fig. 5.5. SEM Fractograph of SI00 tool steel, showing mixed modes
(cleavage/quasicleavage and ductile) fracture.

B

Mag n . 1500x
Fig. 5.6

S E M Fractograph of SI00 tool steel, showing the cleavageridge(A),
tongues (B), quasicleavage (C) and M n S inclusions.
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m

Mag n . xlOO
Fig. 5.7.

Optical micrograph of S1 tool steel, showing severe banding.

_ M a g n . x800
Fig. 5.8. Optical micrograph of S1 tool steel, showing massive primary carbides.
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*

§Aagn. xlOOO
Fig. 5.9.

Optical micrograph of SI tool steel, showing sulphide and silicate
inclusions.

Mag n . x390
Fig. 5.10

S E M Fractograph of SI tool steel, showing river-like cleavage fracture
features.
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Mag n . xlOO
Fig. 5.11. Optical micrograph of Viking tool steel, showing the microstructure.

Mag n .x2000
Fig. 5.12. Optical micrograph of Viking tool steel, showing large primary carbide.
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Mag n . 370x
Fig. 5.13.

S E M Fractograph of Viking tool steel, showing cleavage/ductile mixed
fracture mode.

Mag n . lOOx
Fig. 5.14.

Optical micrograph of A 2 A tool steel, showing severe banding and
primary carbides.
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Mag n . lOOOx

Fig. 5.15. Optical micrograph of A2A tool steel, showing the carbides and the prior
austenite grain size.

Fig. 5.16.

Mag n . 180x
Fractograph of A 2 A tool steel, showing mixed mode fracture.
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.;-'.':

Mag n . xlOO
Fig. 5.17. Optical micrograph of A6A tool steel, showing the microstructure, mild
banding and inclusions.

M a g n . x950
Fig. 5.18 SEM Fractograph of A6A tool steel, showing MnS inclusions (A).
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Mag". lOOOx
Fig. 5.19.

Optical micrograph of ASP23 tool steel, showing the microstructure,
inclusions and primary carbides.

Mag n . 500x
Fig. 5.20.

Secondary electron micrograph of A S P 2 3 tool steel, showing porosity.

Chapter Five

Fig. 5.21.

Results & Discussions (Tool Steel)

122

Mag". x950
S E M Fractograph of A S P 2 3 tool steel, showing horizontal band which
appears as a brittlefracture(micro-void coalescence).
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6.0 EVALUATION of PLASMA IMMERSION ION
IMPLANTATION (Pl3) PROCESS
In the preceding chapter it was shown that Viking tool steel possesses all the attributes
for a potential candidate material to be used as a die for making proof coins. It was,
therefore, decided to investigate the response of this material to Plasma Immersion Ion
Implantation (PI3) surface treatment.

In this chapter the surface roughness,

microstructure, hardness and tribological properties of Viking tool steel before and after
PI 3 treatment have been discussed.

6.1. EXPERIMENTAL PROCEDURE
6.1.1. PI^ Processing Parameters
The Viking tool steel discs were PP* treated at A N S T O (Lucas Heights). The discs were
thoroughly cleaned in acetone before treatment and then nitrogen implanted at a range
of temperatures from 200 and 400 °C, to a nominal dose of about 1.0x10^ N ions/cm2,
for a period of 30 minutes, respectively. In order to maintain low temperature during
implantation, it was necessary to increase the time span between two consecutive pulses
to allow for sufficient cooling. The implantation voltage or negative bias of 44 k V was
used for both low and high temperature treatments. A more detailed description of P P
treatment is given in section 2.2.2.5.
6.1.2

Structural Analysis

6.1.2.1.

Glancing Angle X - R a y Diffraction

T o determine the phases present on the treated steel surfaces, glancing angle X-ray
diffraction was carried out using a Siemens D 5 0 0 diffractometer. C o K a radiation was
used for all measurements; a reflected beam scan over the 29 range 40-60°, 0.1° step
every 5 seconds and an incident angle of 1° were employed for all diffraction studies. A
more detailed description of G A X D is given in Appendix A.
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6.1.2.2. Taper Section
Despite the relatively high implantation energy used in Pp treatment, the modified
material would still constitute only a very thin layer. Preliminary examination^46)

revealed that the depth of nitrided zone, even for the high treatment temperature was too
small to be optically resolved in normal sections. Also, the shallow nitrided zone was
generally rounded off during polishing, hence, making the normal sections useless. The

only effective method for the direct metallographic observation of the nitrogen diffusio
zone was by taper sectioning.
Ideally, the surface to be obliquely sectioned should be protected by either chromium or
nickel plating, to reduce the likelihood of generating artefacts and to enable accurate
determination of taper angle. In addition, the deposited layer would lock the surface
irregularities and would provide an estimate of surface roughness, albeit in a crude
manner. In this work, taper sections were prepared without the plated layer, from tool
steels implanted at 300, 350 and 400°C, to achieve a 10:1 magnification. The procedure
for taper section and thickness determination are depicted in Fig. 6.1. All the taper
sections were etched in 2.5% Nital and Murakami's reagent (lOg of K3 Fe(CN6) in 100
ml of a 10% KOH solution). The Murakami etch is known to facilitate the distinction
between S and y nitride phases (-47-148).
6.1.3. Microhardness Determination
All the Knoop and Vickers microhardness indentations were made on the top surface of

the samples (i.e. the indentation depth was parallel to the direction of ion penetration)
rather than the cross-section of the treated samples. A more detail description of above
mentioned instruments and the way to measure the surface roughness of the treated
specimens has been given in experimental procedure section 4.3.
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6.1.4. Surface Roughness Measurement
Friction and wear of materials are influenced by the surface roughness of contacting
bodies such as surface roughness. Therefore, before proceeding to examine the

tribological behaviour of Viking tool steel and the effect of surface treatment by PI3,
is important to compare and characterise the surface properties. In this regard, the
surface roughness of the un-implanted and implanted Viking tool steel samples were
examined by stylus profilometry. A more detail description of this instrument and the
way to measure the surface roughness of the treated specimens has been given in
experimental procedure section 4.2.
6.1.5. Tribological Characterisation
The wear mechanisms of the un-implanted and implanted discs were characterised by;
the colour of the oxide films formed on the wear track surface,
the wear track area obtained with the aid of a computer assisted profilometer
the severity of the scratches and/or grooves in the wear tracks.
The colour optical micrographs and SEM of the wear tracks classified the type of wear
mechanisms and the wear severity. The oxide films displayed the following colours:
dark brown and blue, light brown and blue. It was evident from the results that oxide
colours were associated with the wear mechanism in each condition, ie. ranging from

the most severe oxidative wear (dark brown and blue), and to mild oxidative wear (light
brown or blue) cases(I49).
The quantitative wear results for the un-implanted and implanted discs, displayed the

rate of materials removal and/or wear area in the wear tracks. Although, it is essentia
note that the wear track area, as measured by the profilometry across the wear tracks,
not a true measure of the wear. Other parameters, such as the wear mechanism, surface
roughness, surface hardness, oxide films and the intensity of grooves (ploughing),
contributed greatly to the wear of the materials and the wear mechanism. In order to

Chapter Six

Pill Treatment

126

demonstrate these factors, the colour optical, S E M of the wear tracks, the wear track
profiles and friction coefficient (u) profiles were thoroughly examined to reveal the
extent of the wear damage and the wear mechanism on the un-implanted and implanted
discs.
In pin-on disc wear testing, the measurement of wear by mass change techniques is
unreliable since the volume resolution is of the order of the typical volume
measurement. A more detail description of this instrument and the way to carry out
wear testing has been given in experimental procedure section 4.4.
The profilometery technique is a particularly appealing one for this study because it
enables a researcher to measure the wear depth from wear tracks and/or scar contour.
The maximum wear depth provided a useful statistical approach to wear measurement
but differs from conventional definition of wear.

6.2. RESULTS and DISCUSSION
6.2.1 Surface Roughness
Figs. 6.2 (a-e) show the surface appearance of the Viking discs (specimens) before (unimplanted) and after PI3 treatments at 200, 300, 350 and 400°C, respectively. The

surface of un-implanted disc was highly reflective, indicative of the original mirror-li
finish and only by using Nomarsky interference contrast fine surface features such as
polishing artefact could be discerned, Fig. 6.1-a. SEM examination, using secondary
electron imaging did not provide any further information. All samples treated at
temperatures above 300°C appeared dull, and exhibited a texture normally associated
with etched surfaces, Figs. 6.2 (c-e). The etched texture is believed to be due to
sputtering effect as a result of exposure to plasma and ion bombardment.
Ra values of PI3 treated discs displayed a definite increasing trend with implantation
temperature. A minimal roughening occurred at 200°C, intermediate roughening at 300
and 350°C, and maximum roughening at 400°C (Fig. 6.3).
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In spite of a large number of published articles, the nature of ion bombardment
modification on the surface integrity of materials is not fully understood or
comprehensively described. Moreover, there is no consensus about the precise
definition of the term "surface integrity ", but is generally identified with surface
topography, surface profile or surface shape. Recently, it has been suggested(150I51) that
the modification in question is a very complicated phenomenon which must be
considered from various points of view, and that different aspects of this phenomenon
must be taken into account. Unfortunately, information about the influence of ion
sputtering on roughness modification is rather sparse and only a few articles have been
published in this research area (15°-'51).
There are two sources of sputtering present in the PI3 treatment. Namely; the ions from
the rf plasma, with a nominal energy of few eV, which are bombarding the surface
throughout the process (of the order of few hours) and the high energy ions, about 45
KeV, that are only attracted towards the surface when high voltage pulse is applied.
Samandi et al work(152) has clearly established that rf sputtering does not cause surface
roughening and high energy ions are principally responsible for sputtering.
In this work all the treatment parameters were kept the same, except the nitrogen dose
rate which was increased to achieve higher temperatures. Therefore, it is surmised that

higher nitrogen dose rate was responsible for enhanced sputtering at higher temperatures
(350 and 400°C). At higher nitrogen dose rate, more high energy ions are arriving at the
surface at any time, which for similar yield of material (number of atoms ejected per
arriving ion) means higher sputtering rate.
It should be added that the rate of back diffusion and re-deposition in PI3 treatment is
several order of magnitudes lower than other plasma processes (e.g., plasma nitriding).
It is inconceivable that this phenomenon could have contributed to the surface
roughening, as suggested by some researchers^153), who investigated the surface
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roughening in plasma nitriding. A m u c h higher pressure (several Torr) is required
before back diffusion and/or re-deposition become significant. The working pressure
employed in PI3 treatment is in order of mTorr region. The lower pressure also means
that there would be less chances of collision with other species and the implanted ions
would not be thermalised and, hence, arrive at the surface with their full energy.
6.2.2. Microhardness Determination
The Vickers and Knoop microhardness measurements at different loads obtained on the
un-implanted and implanted discs are presented in Fig. 6.4 (a-b), respectively. The
sample treated at 200°C showed a constant hardness (similar to the substrate)
irrespective of the indentation load, implying a very shallow implantation depth. Other
implanted discs showed maximum hardness at 5g load, and at higher loads resulted in
lower hardness. The discs implanted at 350 and 400°C, showed a remarkable increases
in surface hardness compared to un-implanted disc.
PI3 treatment at 200°C appears to be a purely implantation process, resulting in a
shallow depth of nitrogen penetration with no appreciable increase in surface hardness
for the indentation loads employed. Therefore, much lower indentation loads are
needed before a true indentation, unaffected by the deformation of the underlaying
substrate can be made. Significant increase in surface hardness for high temperature
implantation is thought to be due to diffusion of nitrogen. It has been suggested05'
that diffusion of nitrogen is likely to occur at higher temperatures in the range of 300500°C. PI3 at these temperatures is considered to be a hybrid process combining the
implantation of nitrogen followed by the thermally activated diffusion resulting in a

hardened depth (up to several Lim) substantially greater than the implantation range (50100 nm).
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6.2.3. Microstructural Examination
Glancing angle XRD and optical microscopy failed to detect any changes in the

microstructure of the specimen PI3 treated at 200°C. No evidence of a surface layer or

sub-surface structural modification was observed and the microstructure was essential

identical to the un-implanted specimen. This is not too surprising given the fact tha

this temperature, PI3 is functioning in a similar fashion as conventional implantation
and the very shallow depth of nitrogen penetration, hence, the thickness of modified
layer is too shallow to be analysed with optical microscope or even glancing angle
XRD.
Specimens treated at 300 and 350°C displayed a distinct modified layer similar to a

diffusion zone normally observed in nitrided samples. A typical modified layer for the
specimen PI3 treated at 350°C is shown in Fig. 6.5. There is no evidence of any
compound layer but a diffusion zone approximately 5 um is clearly visible. The

interaction between implanted/diffused nitrogen with the alloying elements (particula
chromium) in solid solution in ferrite has resulted in precipitation of optically
irresolvable alloy (chromium) nitrides in the microstructure. Precipitation of these

nitrides increased the etching response of the material and the modified layer appear
a dark layer. The XRD pattern shown in Fig. 6.6, confirms the lack of any compound

layer in this sample and the pattern is dominated by a peak arising from ferrite in th
substrate.
Increasing the implantation temperature to 400°C resulted in a deeper diffusion zone,

(see Fig. 6.7) with a distinct white (compound) layer. The thickness of white layer is

estimated to be about 2 um and the diffusion zone is extended to about 10 um below the
compound layer and is gradually blended into the substrate, Fig. 6.7. Glancing angle
ray diffraction (Fig. 6.8) demonstrated the presence of an s (epsilon) layer. This is
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complete agreement with the optical micrograph and therefore establishes that the white
(compound) layer entirely comprises of S (Fe3N) nitride.
It is postulated that the nitrogen dose rate at temperatures below 400°C is not high
enough to allow accumulation of nitrogen to the levels required for epsilon phase
formation. In contrast nitrogen is quickly built up on the surface for treatment at 400°C.
At this temperature, although the diffusion rate is faster than those at lower
temperatures, it is still not sufficiently high enough to deplete the surface nitrogen,
which is constantly enriched by implanted nitrogen. When the accumulated surface
nitrogen exceeds the limit of solid solubility of nitrogen in ferrite, an epsilon layer
forms. Nucleation and growth of an epsilon layer might be accompanied by surface
disruption. Furthermore, when the sample is cooled after implantation, the
supersaturated nitrogen in the epsilon layer could form bubbles which result in surface
pores or voids which may explain the high surface roughness of this sample. The
occurrence of porosity in white layer is a well-known phenomena^59). Furthermore, the
white layer was found to be quite brittle and hardness indentation generally resulted in
surface cracking in the indented area or adjacent to it.
6.2.4. Tribological Behaviour
As shown in preceding sections, implantation at 200°C resulted in a very shallow depth
of hardening without noticeable increase in hardness. On the other hand, implantation
at 400°C, though significantly increased the surface hardness, resulted in unacceptable
surface roughening and formation of a brittle layer with a possible detrimental effect on
the wear behaviour. Therefore, implantation temperatures of 300 and 350°C were
selected for specimens used for wear testing.
In the following sections, the wear testing results for the un-implanted and implanted
(300 and 350°C) discs at 5 and 20 Newton (N) normal loads are presented and discussed

in terms of friction coefficient, friction profiles and wear of discs under dry conditions
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M e a s u r e m e n t of Friction Coefficient (n)

The variation in friction profiles for the un-implanted and implanted discs under dry
condition at the normal loads of 5N and 20N are presented in Figs. 6.9 (a-c), and 6.10
(a-b), respectively.
The un-implanted disc exhibited a steadily rising friction coefficient and after about 2

sees. (10 turns) the friction trace showed large fluctuation and after 10 sees. (100 tur
the friction coefficient exceeded the upper limit of the machine (1.0) and the test was
terminated after 48 turns, Fig. 6.9-a. In general, the friction coefficient for the unimplanted disc exceeded the upper limit of the machine (1.0) and the tests were
terminated prior to completion of the number of tuns.
In stark contrast, the sample treated at 300°C, showed a very smooth and low friction
trace with an average value of about 0.12. The changes in friction profile was less
dramatic, meaning that the steady state wear regime was established and all major
changes in surface roughness, surface film etc., have been undergone and equilibrium
conditions was attained, Fig. 6.9-b. After this steady state condition, the friction
coefficient rose gradually to about 0.55 (1000 turns), and remained almost constant for
about 150 sees. Thereafter, the friction coefficient became rather erratic with large
fluctuations between 0.2 to 0.6.
The initial stage of friction trace for the sample treated at 350°C was also low but not
smooth as that for 300°C sample. Large fluctuations started after about 100 turns and
remained unchanged until the completion of the test (10000 turns). In spite of noisy
friction traces, the average value remained low (0.05-0.3) throughout the test and the
tests were not terminated compared with un-implanted disc.
Similar behaviours were observed for all samples tested under higher normal applied
load (20 N). The un-implanted sample seized up at very early stages of the test. The
sample treated at 300°C, exhibited a very brief running-in period before settling in a
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steady state regime which showed small fluctuations between 0.35 to 0.45, Figs. 6.10-a.
Almost, identical trace was obtained for the sample treated at 350°C, Fig. 6.10-c.

It appears that friction behaviour at lower load (5N) is greatly influenced by the surfa
hardness and roughness. The higher the surface roughness as a result of sputtering, the
noisier, rougher, and wavier would be the friction profiles, Fig. 6.9 (b-c).
The wear track profile for the un-implanted disc less than 5N load after one turn (Fig.
6.11-a), indicated slight smoothing effect. After 10 turns a hump was formed on the
surface, Fig. 6.11-b, suggesting an oxidative wear mechanism. The molar volume of
oxide is more than the metal, therefore material build up occurs resulting in a hump.
After 100 turns, massive deformation and material removal took place and a large wear
trough displaying very rough surface was formed, Fig. 6.11-c.
The wear track profile for the sample treated at 300°C did not show any material
removal at lower turns. After 10,000 turns a small volume of material was removed as
shown in Fig. 6.12-a. Implantation at 350°C resulted in the maximum wear resistance
and the wear track profile barely indicated any material loss, Fig. 6.12-b.
At higher applied load (20N), the un-implanted disc seized up in the early stage and a
very rough wear track profile was obtained Fig. 6-13-a. A clear wear track was formed
on the sample treated at 300°C, Fig. 6.13-b. A smaller wear track was obtained for the
sample treated at 350°C, Fig. 6.13-c.
The actual volume of the material removed from the surface of implanted discs at

different number of turns and loads are shown in Figs. 6.14 (a-b), respectively. The disc
PI3 treated at 350°C, showed improvement in wear track area at various number of turns
compared to the disc PI3 treated at 300°C.
6.2.4.2. Wear of Discs
The wear track for the un-implanted disc after 1 turn under 5 N load (Fig. 6.15-a),
exhibited a few scratches. After 10 turns (Fig. 6.15- b), a light blue oxide (mild
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oxidative wear) film was formed on the wear track which also consisted of
grooves/ridges with a furrowed appearance. After 100 turns (Fig. 6.15 c), a very wide
wear track formed showing signs of severe deformation and material removal. The
extent of oxidation was also increased and the colour of the oxide film changed to a

dark blue, indicating a severe wear regime. This sample seized up at this stage because
of high friction.
The wear track for the disc implanted at 300°C under 5N load and after 10 turns,
showed an extremely shallow wear track barely visible under optical microscope, Fig.
6.16-a. After 10000 turns, a bluish oxide film was formed on the surface, suggesting a
mild oxidative wear mechanism was operating throughout this test, Fig. 6.16-b.
The sample treated at 350°C showed a remarkable resistance to scratching and wear.
After 100 turns, only a superficial wear scar was observed, Fig. 6.17-a. Even after
10000 turns the extent of wear damage was still limited and only the superficial wear
scar became more pronounced, Fig. 6.17-b.
Increasing the applied load to 20N, resulted in severe wear damage to the un-implanted
sample, judging by the width of wear scar formed after only 10 turns (Fig. 6.18). The
test was terminated at this stage, due to the high friction fluctuation which exceeded
upper limit (1.0) of the machine.
The disc treated at 300°C showed mild oxidative wear up to 1000 turns (Fig. 6.19-a).
By the completion of the test after 10000 turns this sample showed a mixed mild/severe
wear regime, judging by the mixed blue/brown colour of the oxide film on the surface,
Fig. 6.19-b.
The disc treated at 350°C still showed a remarkable wear resistance even under 20N
load. Fig. 6.20-a, shows the wear track after 1000 turns exhibiting a light blue oxide
film forming in a patchy manner, presumably on the peak of asperities. Increasing the
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number of turns to 10000 increased the width of wear scar but the mechanism remamed
mild oxidative wear, Fig. 6.20-b.

6.3. CONCLUSIONS
This work has demonstrated that the PI3 process is capable of implanting nitrogen ions
to concentrations and depths required for surface engineering of tool steels. Wear tests
conducted using a ball-on-disc tribotester demonstrated that implantation induces great
improvements in wear behaviour of Viking tool steel. Specifically, a typical unimplanted disc would wear by a grooving/oxidation mode while a typical implanted one
would experience very mild polishing wear and exhibits great resistance to scratching.
PI3 treatment, confers hardness as well as wear resistance. The higher the hardness, the
higher the wear resistance. This general trend still holds after implantation. Bearing in
mind that implantation severely roughened the surface integrity of the discs, especially
at higher implantation temperature (350°C) as a results of sputtering. Yet, it has still
given a better improvement in wear resistance, as compared to un-implanted disc.
In particular based on the results presented above, the following conclusions can be
drawn:
It has been found that PI3 conducted at higher temperature generally increased the
surface hardness of the Viking tool steel. Also, implantation at 300-350°C resulted in
the formation of a diffusion zone. The surface integrity was generally degraded as a
result of sputtering, manifested by increased roughness parameters. Implantation at
400°C developed s layer whereas no brittle layer formed at 300 and 350°C.
No definitive increase in hardness was observed after implantation at 200°C. This could
be attributed to the lack of nitrogen diffusion and, hence, the shallowness of the
implanted depth which made accurate hardness measurement impossible. The extent of
surface erosion as a result of sputtering was also reduced at low temperature
implantation.
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Implanted surfaces at 300°C were etched and appeared dull. Both effects could lead to
deterioration of surface integrity. Sputtering by high energy ions is shown to be a
plausible explanation for the difference in surface roughness observed between
implantation at 200 and 350°C.
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Vertical height of
sample holder

Y\

/

0
Y = Apparent thickness
0 = Taper angle
Real thickness = x
Sample width = a

Sin 0 = h/a
Y = x/Sin 0
Therefore,

Y = ax/h

For example if Y = lOx from the above formula, w e can therefore calculate the
required vertical height h.

Fig. 6.1.

The procedure for taper section and thickness determination.
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PHI at 200 C
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Mag". lOOOx

Mag". lOOOx

Figs. 6.2 (a-e). Colour optical micrographs of Viking discs, showing the surface
topography before (as polished) and after implantation (200, 300,
350 and 400°C), respectively.
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The average surface roughness (Ra), before and after implantation
(200-400°C).
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Optical micrograph of Viking disc PHI at 350°C, Nital/Picral
etched.
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Fig. 6.7.

b) Nital/Oberhoffers etched.
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Optical micrograph of Viking disc PHI at 400 C, showing carbon
enrichment.

x : 2theta y !
48.888
4-8696 * Fe,IRpt*1 SYK
1-1236 ' F#3N I ROM NI TBI »E

Fig. 6.8.

142

995. Linear

68.888)
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a)

After 1 turn.

Mag". 300x

b)

After 10 turns.

Mag". 300x

c)
Figs. 6.15 (a-c).

After 100 turns.

Mag". 300x

Wear tracks for the unimplanted Viking disc at 5 N load
after 1,10 and 100 turns, respectively.
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After 10000 Turns
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Mag". 300x

Mag". 300x

Wear tracks for the Viking disc Pffl at 300°C at 5 N load
after 10 and 10000 turns, respectively.
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After 10000 Turns
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Wear tracks for the Viking disc Pffl at 350°C at 5 N load
after 100 and 10000 turns, respectively.
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Mag". 300x

Wear tracks for the unimplanted Viking disc after 10 turns at 20N
load.
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After 10000 turns.

Figs. 6.19 (a-b).

Wear tracks for the Viking disc Pffl treated at 300 C at 5 N
load after 1000, and 10000 turns, respectively.
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7.0 EVALUATION of PHYSICAL VAPOR DEPOSITION (PVD
}
PROCESSES
In this chapter, the tribological behaviour (friction and wear) of Physical Vapor
Deposition (PVD) Titanium Nitride (TiN) coatings applied by the Filtered Arc
Deposition (FAD) and Balzers processes were studied using a ball-on-di.sc
configuration. In particular, the surface appearance (roughness), micrositructural
examination, compositional analysis, mechanical (Knoop microhardness), and an
automatic scratch tester (CSEM) was used to assess, evaluate and hence select a
suitable PVD process for TiN coating of proof coinage dies.

7.1 EXPERIMENTAL PROCEDURES
Double ESR (Electro Slag Refined) Viking tool steel discs, 50 mm in diameter and 5
mm thick, was vacuum hardened and double tempered (540°C to a hardness of 58-59
HRC and polished to a mirror finish. The chemical compositions and hardening
parameters are listed in Tables 5.1 and 5.2, respectively.
7.1.1 Type of PVD Processes
Two PVD processes (Balzers and FADS) were used for titanium nitride (TiN) coatings

of Viking die steel. The Balzers process is commercially available in Australia throu
the Surface Technology (ST), and Filtered Arc Deposition System (FADS) which was
developed by the CSIRO, Division of Applied Physics in Sydney. FADS was developed
under auspices of Auslndustry (NPDP) for TiN coating of proof dies at RAM.
7.1.1.1 Balzers Process
The processing parameters for PVD TiN coatings, using Balzers process has not been

revealed, since S.T provided only their standard TiN coatings. However, it is believe

that they are not far from the typical figures quoted earlier in literature review (
2.1.1.6). The discs were TiN coated at ST to the nominal thickness of 3 and 6 um
(measured and/or actual thicknesses were 2.54 and 3.59 um). The thicker (6 um)
coating was double TiN coated.
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7.1.1.2 Filtered Arc Deposition System (FADS)
The processing parameters chosen for TiN coatings by F A D S were as follows;
The specimens were cleaned;
•

in ultrasonic bath for 5 mins, using B P 13 propanol.

•

Rinse in de-ionised water

•

Blow dry

•

in ultrasonic bath for 10 mins, using propanol

•

Blow dried and placed in the vacuum chamber

After evacuating the deposition chamber to 2 x IO-6 Torr, the specimens were sputter
cleaned using ion gun. The process parameters are as following;
•

Set Bias voltage to 820 V and beam current to 30 m A

•

Accelerator voltage to 150 V

•

P N 2 to 2xl0- 4 mbar

•

Discharge to 75 V

•

Etching time to 3-4 mins

Prior to coating, the specimens were heated to 450°C, using a radiative heat from
resistivity heated nichrome wires mounted inside silica tube and the temperature was
monitored by a pyrometer. After heating for 30 mins, the specimens were Ti coated for
2 mins, before the nitrogen gas was introduced to the deposition chamber for TiN
coatings.

Finally, the specimens were TiN coated according to the following

procedures;
Set Bias voltages were systematically varied (self bias, 0, 50, 100, 200 and 400 V ) for
each coating but the other parameters listed below were kept constant;
•

arc current at 100 A

•

beam current at 480-500 m A

•

Ti inter layer was deposited for 45 sees.

•

scan coil voltage at 25 V

•

Pb (backing pressure) to 45-50 u m

•

deposition pressure (Pdep) at 2xl0" 3 mbar
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deposition time for 15-20 mins to give 1-1.5 u m film thick.

The purity grades of the materials used were 99.9 wt-% for titanium, and ultra high
purity 99.999 vol.-% for nitrogen.
After the coating was completed, the parts were allowed to vacuum cool to
approximately 50°C at which point the workload was removed from the chamber.
7.1.2 Surface Roughness, and Microhardness Measurements
A Talysurf profilometer was used for surface roughness determination of specimens
before and after the coating. A more detail description of this instrument and the way
to measure the surface roughness of the coating has been given in experimental
procedure section 4.2.
Knoop microhardness measurements were made on the top surface of the specimens
using a range of loads from 25 to lOOOg. A more detail description of this instrument
and the way to measure the surface roughness of the TiN coatings has been given in
experimental procedure section 4.3.
7.1.3 Wear Testing
Wear tests were performed using a CSEM ball-on-disc tribometer. Loads of 5 and 20

Newtons (N) were applied vertically and parallel to the axis of rotation of the disc at

various revolutions ranging from 100 to 10000 turns. A fixed linear velocity of 0.3 m/s

was used for all tests. A continuous supply of absolute ethanol to the disc surface was
maintained throughout each test. The entire tribometer was enclosed, in order to
eliminate undesirable effects associated with variable humidity. The frictional force
was monitored continuously during all tests. A more detail description of this
instrument and the way to carry out wear testing has been given in experimental
procedure section 4.4.
The surface profile of the wear tracks was measured with a Tencor alpha-step
profilometer, using a diamond stylus with a radius of 2.5 um. Optical microscopy was
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utilised to assist in characterising the nature of oxide films on wear tracks. The colour

of the oxide formed on the wear track surface, due to light interference, is related to its
thickness and structure and provides an excellent indication of the severity of the
operating wear regime. Generally speaking, the thinner oxide films having a light blue
colour are formed as a result of a mild oxidative wear process. The thicker oxide film
being dark brown in colour are indicative of more aggressive wear regimes. A JEOL
JXA 840 Scanning Electron Microscope (SEM) was used to study the fine
microstructural and topographical features of the coatings as well as wear and scratch
tracks.
7.1.4 Scratch Testing
There are several ways in which some indication about the coating adhesion and
detection of failure mode(s) can be obtained. By optical and SEM (sectioning vertically
through the coating, fractography of the coatings and examining the scratch tracks), or
by applying a continues load across the coating surface. In this work, we utilised all of
these in our tests.
A scratch test instrument must necessarily provide the means to apply a known force to
a stylus, a controlled movement of the stylus across the film to make the scratch, and
provisions for examining the scratches. The CSEM scratch tester was used, to
conciliate the above-mention priorities. The schematic diagram and a completed
photograph of this instrument is shown in Fig. 7.1 (a-b), respectively. The specimens
used for scratch testing were placed in the holder and a spherical (Rockwell C) diamond
stylus with a tip radius of 0.2 mm was drawn across the film (TiN) surface. A vertical
load, applied to the point is continuously increased with a standard scratch speed of 10
mm/min and loading rate of 10 N/mm, until the film is completely removed, resulting in
a clear channel (flaking or chipping) of the coating. The smallest load at which the
coating is damaged (either by adhesive or cohesive failure) is called the cntical load
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(CL). In other words, the C L is the measure of the adhesion at the interface and the
mechanical strength of the film. The CL is determined by acoustic emission (AE) at
which the clear track is formed, then taken by the machine as a measure of adhesion
CL- The AE is detected by a piezoelectric detector fixed next to the diamond point,

amplified and rectified signal is recorded. The signal amplitude is small and relativel
steady until the CL is reached; at which the CL increases rapidly and approaches a
threshold value that could not increase any further even at higher load. At least 4
scratches were made on each disc and the average was recorded.
From a practical standpoint, the efficiency of any coating must rely on the extent of
bonding between the coating and the substrate material. In what follows, adhesion
means the property and capability of a coating to remain intact over all the substrate
surface when the composite is subjected to tensile or shear stresses. Fig. 7.2 (a-b)

depicts the location of maximum stresses in tension or in shear in the region of contact
For example, a brittle film fails in tension where the tensile stress is maximum (i.e.

trailing edge of the probe), and forming the characteristic tensile cracks Fig. 7.2-b. T

adhesion therefore characterises the- rupture (cohesive) strength of the interface or o
transition zone between the coating and the substrate.
7.1.5. Ball Cratering
One sure way which requires little technical expertise, and allows relatively rapid
measurement of the thickness of thin coating (TiN), is ball cratering. The CSEMCalotest apparatus system was used at the Royal Australian Mint (RAM) to measure the
thickness of TiN coatings. Fig. 7.3, shows a completed photograph of the instrument.
A more detail description of this instrument and the way to measure the thickness of
coating has been given in Appendix B.
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The actual thicknesses of F A D S and Balzers (ST) coated specimens were determined to
be between 0.6 to 0.7 um for FADS coatings and 2.54 and 3.59 um for Balzers coatings,
respectively.
7.2. RESULTS and DISCUSSION
7.2.1. Surface Roughness
The Ra values for un-coated (as-polished) and PVD TiN coatings produced by the two
deposition processes (Balzer & FADS) are presented in Fig. 7.4. It is clear that the

surface roughness (Ra) of coatings deposited by ST, exhibited the highest Ra values b
almost 15 times for thinner coating (3um) and 20 times for the thicker coating (6um)

compared with un-coated disc. In contrast, the surface roughness of coatings deposited

by FADS was only marginally increased at lower substrate bias voltages and the origin
finish was almost replicated. However, at higher substrate bias (200-400 eV), the
surface roughness increased by 2 times compared with un-coated disc but remained low
compared with the coatings deposited by ST.
Optical examination of FADS coated surface, established that at higher bias voltages
(400 V) a higher sputtering has occurred, Fig. 7.5-a. The extent of sputtering was

substantially reduced at lower bias voltages (e.g., at 100 eV), Fig. 7.5-b. At zero b

voltage (Fig. 7.5-c), no noticeable effect due to sputtering was detected and the coat

was extremely smooth, Fig. 7.5-c. In contrast, the S.T. coatings (3 and 6 um), showed

significant amount of sputtering, Fig. 7.5 (d-e). It is believed that ST sputter cleane
the discs at higher substrate bias, prior to coating to improve the adhesion of the
coating. Therefore, it is not surprising that the coatings exhibited higher surface
roughness.
The surface topography of S.T. coatings (3 and 6 pm), revealed that the roughness

increases can be partly related to surface defects in the coating, Fig. 7.5 (d-e). The

thinner coating exhibited defects in the form of pores on the top surface of the subs
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that it has not been filled by the deposition layer and also pin-holes, Fig. 7.5-d. In t
case of thicker coating (6 um), the coating exhibited significant amount of pin-holes
and it is obvious that the pores were almost filled by the deposition layer, Fig. 7.5-e.
SEM examination of thinner coating (3 um), clearly revealed the extent of pin holes
which some of them were up to a few microns, Fig. 7.6-a. The thicker coating (6 pm),

established that sub-micron particles appearing as white spots in the coating, Fig. 7.6The microdroplet formation usually occurs during the deposition process by the arcevaporation coating. Some of these particles are pure titanium metal and others have a
titanium rich core surrounded by titanium nitride(173). Although these particles cause a
reduction in the internal stress by allowing some stress relaxation, but they generally

deteriorate the surface finish and render its suitability for precision application such
proof dies. As mentioned previously, Balzers system utilises electron beam in an 'arc'
mode and it is not unexpected to find these micro-particles and surface defects.
However, FADS coatings were free from microdroplet and the coatings were extremely
smooth.
7.2.2. Microhardness Determination
The Knoop microhardness of the un-coated and coated (FADS and ST) specimens,
obtained at various indentation loads are shown in Fig. 7.7. Generally, an increase in
hardness was noted at the lower loads; this is understandable since at higher loads the
measured hardness is a composite value reflecting the hardness of the coating as well as
substrate. All the TiN coatings showed an increase in surface hardness compared to uncoated specimen. The FADS coating possessed higher surface hardness compared to
ST coatings. This reduction in hardness of S.T. coating is due to the increased ion
energy, which facilitates stress relaxation and annihilation of defects; both of these
effects, decreases the hardnessO73-175).
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In general, the variation in substrate bias (from 0 to 400 V) had a pronounced effect on
the hardness of FADS coated specimens. The highest hardness was observed for the
coatings deposited at low bias voltages, particularly between self-bias and 100 V. At
the highest bias voltage (200-400 V) a reduction in hardness was detected.
It should be emphasised that a direct comparison between coatings deposited by FADS

and S.T. is not strictly possible, due to the large differences in thickness of the coating
However, the differences in surface hardness could be readily correlated to the
deposition conditions, in particular, the substrate bias. The application of substrate
(high or low) bias voltage during deposition of a coating has a profound effect on the
growth mechanism and microstructure of the coatings^73"174). Coatings with much
denser microstructure will have substantially different physical properties, due
predominantly to changes in the packing density of the columns which comprise the
microstructure(173-175). Thus, the coating microstructure exerts a considerable
influence on its properties (hardness, adhesion, and residual stress). Unfortunately, this
aspect could not be properly investigated and attempts to examine the microstructures
of the coatings were, by and large, unsuccessful mainly because of thinness of the
coatings. It is, however, surmised that the higher energy ions at high substrate bias
voltage induced substantial stress relief in the coating and resulted in lower
hardnessO75"176).
7.2.3. Adhesion

Fig. 7.8. shows the variation of the critical load (CL) with the substrate bias voltages fo
FADS and ST. TiN coatings. The CL was detected from the acoustic emission signal
during scratch test. Except for the highest substrate bias (400V), all the coatings
produced by FADS displayed almost similar critical loads (adhesion) and their CL were
higher than the ST. coatings, suggesting that FADS coated specimens have better
adhesion to the substrate compared with S.T. coatings.
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SEM examination of the entire length of scratch tracks for FADS coated specimens,
indicated that at low loads (initial stages of adhesion test) tensile and conformal

cracking were the prevailing failure modes, irrespective of the bias voltage, Fig. 7.9At higher loads, the coating deposited at the highest substrate bias voltage (400V) was

completely stripped off the scratch track whilst other coatings only displayed chipping

Fig. 7.9-b. The fact that the adhesion is reduced at the highest substrate bias voltage
rather unexpected. As mentioned before, it is expected that as the bias voltage
increases the residual stress will be reduced which should result in higher adhesion.
Therefore, no satisfactory explanation can be offered to account for the poor adhesion
observed at high bias.
SEM examination of scratch tracks for the thicker coating (6um) by the ST., indicated
that at low loads (initial stages of adhesion test) brittle cracking was dominate mode
failure, Fig. 7.10-a. The thicker coating (6 pm) had a double TiN layer and the top TiN

layer was spalled off at the interface from the inner TiN layer, suggesting that TiN la
has a poor bonding (adhesion) on another TiN layer, although, the inner TiN layer was
still intact. In the case of thinner coating (3 pm), tensile and conformal cracking were
the dominate failure modes, Fig. 7.10-b. However at higher loads, Fig. 7.11 (a-b), both
coatings (3 and 6 um) were completely chipped off the scratch tracks, indicating that
ST. coatings had a poor adhesion to the substrate compared with FADS coatings. In
general, the variation in TiN coating thickness had no remarkable influence on the CL,
despite their failure modes and the hardness differed from each others. Moreover,
double TiN coatings (6 pm), increased the surface hardness compared with thinner
coating, but resulted in unacceptable surface roughness and showed no notable
improvement in the adhesion of the TiN coating compared with thinner coating (3 pm).
Hence, the thinner coating was selected for the wear testing.
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The ST. coatings had surface defects (pinholes, pores) and these tend to lower the
strength and hardness of the coatings(173"177). It is believed that this concept might have
effected the cohesion and adhesion of the ST. coatings. Furthermore, Xi Wang (178)
demonstrated that the mechanical properties of films are influenced by ion
bombardment and indicated that the Ion Assisted Deposition (IAD) process reduces the
brittleness of the films, allowing them to resist significant deformation during contact
with other test surfaces. This may have been the case for the coatings produced by
FADS.
7.2.4. Sliding Wear Behaviour
The frictional behaviour of the un-coated and coated (FADS and ST.) discs at 5 and
20N loads, are shown in Figs. 7.12 (a-b), respectively.
The coefficient of friction (u) for the un-coated disc at low load (5N), increased to a
value of 0.18 at the start of the test and after a short transient stage, stabilised and
reached a steady state value of about 0.15. After 500 seconds the friction trace
displayed low amplitude fluctuation with the average value of u remaining at about
0.15 to the end of the test, Fig. 7.12-a. This low and steady friction behaviour is
indicative of a mild wear regime. At higher load, the running-in period was very similar
to the previous case but after 300 seconds a high friction regime became operative and
u rose to about 0.5, Fig. 7.12-b. The noisy behaviour of friction trace and the rising
value of p suggested that a severe wear regime was operating at higher load.
At low load (5N), all the FADS coated specimens, irrespective of substrate bias voltage,
exhibited low and smooth friction behaviour typified by a steady trace at an average
value of 0.16, Fig. 7.12-a. When the load was increased to 20N, all the coatings except
the one deposited at 400V bias, behaved similar to the low load (5N) situation. The
high bias coating displayed a noisy friction trace, although the value of u remained the
same as other coatings, Fig. 7.12-b.
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At low load (5N), the coefficient of friction (u) for the S.T. coating, increased to a

of 0.2 and remained unchanged through out the test. In general, the friction trace was
noisier and rougher than FADS coated specimens, Fig. 7.12-a. The S.T. coating
originally had many asperities due to the mode of the process which could contribute
this roughening effect. At higher load (20N), p increased to a value of 0.18 and

remained unchanged until 1700 seconds, Fig. 7.12-b. After this point, the friction tra
become very noisy and rough, suggesting that the coating may have been flaked off.

Fig. 7.13, shows the cross-sectional area of the wear tracks after 10000 turns at 5 a
20N loads, respectively. At low load (5N), the un-coated material experienced the
lowest wear compared with coated discs. However, when the load was increased, the
situation was reversed and the coated specimens showed significant reduction in wear.
The best performance was achieved for the FADS coating deposited at 100V bias. The
highest wear rates amongst the FADS coated specimens recorded were at zero and
400V bias voltages. The S.T. coating, exhibited the highest wear rate compare with
FADS coatings. In general at 5 and 20N loads, the FADS coated specimens displayed a
considerable improvement in wear resistance at low bias voltage (100 eV) compared
with the S.T. coating.
SEM examination of the wear track on un-coated specimen tested under low load (5N),
revealed numerous shallow grooves, Fig. 7.14-a. Optical microscopy (Fig. 7.14-b),
indicated that the wear track was covered with a light blue oxide film, usually

associated with the mild oxidative wear on tool steels (179-181) At higher load (20N),
extensive plastic deformation of the matrix took place, Fig. 7.15-a. The severity of

damage to the surface can be judged by the fact that some of the carbides on the surf

were significantly displaced or completely pulled out resulting in the formation of l
voids, Fig. 7.15-b. Optical microscopy confirmed the existence of a severe wear mode
and only a dark brown oxide was detected, Fig. 7.15-c.
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At low load (5N), the dominant wear mode on all FADS and S.T. coated specimens had
a polishing effect and no oxidation or coating delamination was observed. Fig. 7.16 (ab) shown that the asperities on the surface due to sputtering effect caused by high
voltage bias was removed during wear test by a burnishing/polishing wear process and a
very smooth wear track was formed. This burnishing/polishing wear process is
primarily responsible for the higher wear rates experienced by the TiN coated
specimens (FADS and S.T.) at low load (5N). In general, the FADS coated specimens
had very smooth surface finish (Fig. 7.16-a) and therefore, the wear track areas were
extremely low compared with S.T. coated specimen, Fig. 7.13.
At higher load (20N), the wear rates for FADS coated specimens, except for zero and
400V bias voltages, were lower than the un-coated and S.T. coated specimens, Fig.
7.13. The coating deposited at 100V bias voltage, exhibited the lowest wear rate and
the wear track displayed light blue oxide (mild wear) with no scratches on the wear
track surface, Fig. 7.17. SEM examination of the wear tracks for the FADS (at 400V
bias) and S.T. coated specimens, Fig. 7.18 (a-b), indicated that both coatings were
flaked off at some areas of the track, presumably due to the poor adhesion of the
coating, but no oxide was detected.

7.3. CONCLUSIONS
On the basis of experimental works conducted on a series of TiN coatings produced by
S.T (Balzers) and FADS (at a range of substrate bias voltages), the following
conclusions can be drawn;
• The surface roughness (Ra) of FADS coated specimens were not greatly affected at
low bias voltages compared to un-coated specimen, except for very high substrate
bias at 400V.
• A significant sputtering took place on S.T coatings which caused the surface
roughness to increase.
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• Surface roughness of coatings deposited by ST, exhibited the highest Ra values by
almost 15 times for thinner coating (3 pm) and 20 times for the thicker coating
(6um) compared with un-coated and FADS coated specimens.
• Coatings by ST., exhibited significant amount of pin-holes and microdroplet,
whereas FADS coated specimens were free from microdroplet and the coatings
were extremely smooth.
• FADS coated specimens, possessed higher surface hardness compared to ST
coatings.
• Substrate bias had a major effect on hardness of specimens TiN coated by FADS;
the lower the substrate bias, the higher the hardness.
• FADS coated specimens at various substrate biases displayed almost similar
adhesion (CL), except the specimens deposited at 100 and 400 -eV. The highest
adhesion was obtained at 100 -eV and the lowest at 400 -eV.
• The thicker coating by ST, showed to have a poor adhesion, indicating that double
TiN coating is not advisable. Whereas, the thinner coating, showed slightly lower
adhesion compared to FADS coated specimens.
• The variation in the thickness of TiN coatings produced by the S.T. had no
remarkable influence on the CL.
• At low load (5N), the un-coated disc was worn predominantly by a mild oxidative
wear. At higher load (20N), severe metallic wear occurred.
• At low load (5N), the wear mode for FADS coated specimens had polishing effect
on the wear tracks and no coating exfoliation was detected and the friction traces
remained low. At 20N load, an oxidative wear mode was also operating, except for
the zero and 400 V bias voltages where a delamination wear mechanism was
operating. The best wear performance was achieved at 100 voltage bias.
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• At both 5 and 20N loads, the FADS coated specimens displayed a considerable
improvement in wear resistance compared with the S.T. coating.
• The main role of TiN coating in improving tribological properties of tool steel

appears to be as a supporting layer for the oxide film. High adhesion of TiN coating
is essential to avoid ex-foliation and reversion to severe mode of wear.
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Mag". 500x

Mag n . 500x

Figs. 7.5 (a-e). Optical micrographs of F A D S and S.T. coated specimens, showing the
effect of substrate bias voltages on the surface topography.
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Figs. 7.5 (a-e). Continued.

e) 3 p m S.T. coating, Mag" 500x
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a) 3 p m coating

b) 6 p m coating.

M a g n 20 p m

Figs. 7.6 (a-b). SEM of ST. coatings, showing the surface defects for thinner (3 um
and thicker (6 p m ) coatings, respectively.
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100 bias voltage

400 bias voltage
Figs. 7.9.

S E M of scratch tracks at low and high loads, showing the conformal
cracking and chipping of coating, respectively.
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b) Thicker coating (6>»m)

Figs. 7.10 (a-b). S E M of scratch tracks at low loads, showing the conformal cracking
and chipping for thinner and thicker coatings by ST., respectively

a)
Figs. 7.11.

Thinner coating (3/bim.)

b) Thicker coating (6jum)

S E M of scratch tracks at higher loads, showing the chipping for thinner
and thicker coatings by ST., respectively
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a) S E M micrograph

b) Optical micrograph
Figs. 7.14 (a-b).

300x

SEM and optical micrographs of wear track, showing the extend
of groves for uncoated specimen after 10000 turns at 5 N loads.
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a) S E M micrograph at lower magnification

b) S E M micrograph at higher magnification
Figs. 7.15 (a-c).

SEM and optical micrographs of wear track for uncoated
specimen after 10000 turns at 2 0 N loads.

P V D TiN Coatings

Chapter Seven

c) Optical micrograph
Figs. 7.15 (a-c).

Continued
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a) F A D S coating at 400 bias voltage.

b) ST. coating.
Figs. 7.16 (a-b).
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Mag". 300x

Mag". 300x

Optical micrographs of wear track for coated (FADS &
specimens after 10000 turns at 5 N loads.

ST)
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Fig. 7.17.
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Mag". 300x

Mag". 300x
Optical micrograph of wear track for F A D S coated (100 bias
voltage) specimen after 10000 turns at 20N load.
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a) F A D S coating at 400 bias voltage.

b) ST. coating.
Figs. 7.18 (a-b).

SEM micrographs of wear track for FADS (400 bias) and ST
coated specimens after 10000 turns at 20N load.
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8.0. COINING TRIALS for the PRODUCTION and PROOF DIES
The final phases of this project was primarily concerned with coining trials for the
production (circulating) and proof dies, respectively. This work was carried out to
assess the suitability of applying different surface engineering technologies to extend
the service life (total number of acceptable coins produced/die) of the production and
proof dies.
In general, three different surface engineering techniques; namely, hard chromium
electroplating, PI3 treatment and PVD TiN coatings were adopted in these coining trials.
After the treatment/coating, the surface of both production and proof dies were

evaluated and diagnosed for failure mode (s) together with the factors restricting the di
life. The dominant mode of wear and/or failure in each case has also been determined
on the basis of detailed examination of surface integrity before and after coining
operation.

8.1. EXPERIMENTAL PROCEDURES
8.1.1. Materials
The blank (coining material) and die materials were made of cupronickel (75/25) and
Viking tool steel, respectively.
The ready to coin dies (5 and 10 cent denominations), made of Viking tool steel were
prepared at the Royal Australian Mint (RAM). The 5 cent dies had circulating finish
whereas 10 cent dies had a proof finish. The chemical composition, hardening and
tempering parameters can be obtained from Tables 5.1 & 5.2, respectively.
At the RAM, the production dies are all made of low-grade (inexpensive) tool steels,

since the cleanliness of the steels and the surface finish are not important. In contrast,

the proof dies are all made from very clean steels, since any surface defects on dies will
be transferred to the coins and therefore reduces the die life and/or increases the rate
rejection. Furthermore, the proof coins are struck by dies, which are individually hand
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polished under the microscope, using very clean and high quality tool steels. As shown
in Chapter 5, Viking tool steel was found to be a suitable candidate for proof dies. In
this work, double ESR (Electro-Slag Refined) Viking steel, supplied by ASSAB was
used for proof dies and normal Viking (low grade) steel for the production dies. The
double ESR steel was deemed essential to ensure steel is free from inclusions and
suitable for proof die.
The coining pressures for all trials were between 80 and 150 tonnes for production and
proof dies, respectively. The circulating coins were stroked once whereas proof coins
were stroked 4 times to transfer the design to the coining blanks. The service life of
each die was monitored during the coining operation by observing the surface quality of
the coins. The production dies surface quality was monitored after 25000 coins
whereas proof dies were inspected after each coining operation. The dies were kept in
operation until the coins produced were deemed unacceptable by the press operator.
8.1.2. Surface Engineering Techniques and Process Parameters

In these coining trials, 5 pairs of Cr-plated, 4 pairs of PI3 treated and 6 pairs of TiN
(Balzers) coated production dies were used for making 5 Cent circulating coins.
Whereas, 6 pairs of Cr-plated, 4 pairs of PI3 treated and 6 pairs of TiN (FADS) coated
proof die sets were used for making 10 cents proof coins. Each pair of die sets
consisted of an obverse (containing Queen's effigy) and a reverse (containing various
designs) dies.
8.1.2.1. PI3 Treatment
The PI3 treated dies (production and proof) were nitrogen implanted at 300°C, to a
nominal dose of 1.35xl018 N atoms/cm2 and the total treatment time was 130 mins. A
negative bias or implantation voltage of 44 kv was used. The processing parameters
were chosen to form a metastable (y) nitride phase, because the results presented in
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Chapter 6, established that at 300°C, significant hardening with minimum surface
roughening was attainable. The temperature history, and implantation doses monitored
during implantation are shown in Figs. 8.1 (a-b) and Figs. 8.2 (a-b), respectively.
Although the conventional wisdom in all implantation works has always been to keep
the temperature of the substrate below 200°C, the use of Viking steel with a high
tempering temperature (540°C), allowed higher implantation temperature to be used,
thus, increasing the depth of hardened layer
8.1.2.2. TiN Coatings
The production dies (5 Cent denomination) were PVD TiN coated by Surface
Technology (ST) Ltd, using Balzers process. The processing parameters for TiN
coating has not been revealed, but corresponds to the standard TiN coating by ST, see
section 2.3.2.3. Balzers process was used to deposit TiN coating on production dies,
because the results presented in Chapter 7 (see section 7.2), established that Balzers

process, significantly increases the surface roughness of the coating, due to the mode of
process and therefore limit its application for proof dies.
The proof dies (10 Cent denomination) were PVD TiN coated at CSIRO (Thin Films
Division), using Filtered Arc Deposition System (FADS). FADS was used, because the
results presented in Chapter 7 (section 7.2), established that the surface roughness

almost replicate the original finish and therefore extend its application for proof dies.
The processing parameters chosen were similar to the parameters quoted earlier
(section 7.1.1.2), except that the substrate bias of 100 -eV was chosen for all the
coatings, because the results presented in Chapter 7 (see section 7.2), indicated
improvement in adhesion with moderate microhardness and surface roughness.
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Cr-Plating

The chromium electroplating was carried out at the RAM, using standard procedure

typically used for plating dies, resulting in a Cr layer having thickness of 5-10 pm and
3-5 pm for production and proof dies, respectively.

8.2. RESULTS and DISCUSSION
8.2.1. PERFORMANCE of PRODUCTION DIES
A minimum care is taken to prepare production dies compared to proof dies and

therefore surface finish on production dies is not as critical compared to proof dies. I
other word, any defect occurring in the surface quality, before and after
coating/treatment, has no detrimental effects on the quality of the production coins as
compared to proof coins, though, these defects can reduce the die life.
Production dies have been hard chromium plated at RAM for a number of years, to
protect the die surface from the damages, which occurs during the coining operation.
The dies are removed from the press after coining operation, due to the fatigue failure
(cracking), when the coining pressure exceeds the compressive strength of die steel and

radiating marks which develops on the surface of the dies as a result of material transf
to the dies. The radiating (stress) marks are locally (at RAM) referred to as stress
marks. They appear to be the result of metal flow and minute hard particles scratching

the die surface during the coining operation which reduces the service life of the dies.
8.2.2. Examination of Surface Integrity and Die Life

In this work, the service life (total number of acceptable coins produced/die) of 3 pair
of PI3 treated, six pairs of TiN coated and 10 pairs of Cr plated die sets were compared

and studied, Tables 8 (a-b). Each pair of die set consisted of an obverse die (containin
Queen's effigy) imprinting the side of coin commonly known as "head" and a reverse

die (containing various designs for different coin denominations) imprinting the side of
coin commonly known as "tail"). The coining pressure and speed throughout the
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operation for the production dies were 50-60 tonnes and coining speed of 650
strokes/min, respectively. The service life of each die was monitored during the coining
operation by observing the distortion of the image on the coins. The dies were kept in
operation until the coins produced were visually unacceptable due either to cracks on
the dies or the detail of the impression becoming too worn to produce an acceptable
coin, hence the dies are removed from the press and replaced with a new dies.
The service life of dies together with the modes of failure, as determined by the operator
at RAM, are presented in Tables 8 (a-b) for the obverse and reverse 5 cent dies,
respectively. In order to study the details of failure mechanism and the modes of
failure, it was decided to examine the dies which had produced the highest number of
coins, marked by an asterisk in front of the die number in Tables 8 (a-b). Figs. 8.3 (a-b)
show the minimum, average and maximum die life for all the treated and coated/plated
5 cent obverse and reverse production dies, respectively. Unfortunately, the coins were
not available for examination and all the results in this report were obtained by
examining the die surface only.
The majority of the obverse dies were cracked near the Queen's chin. The chin area is
the deepest area on the die surface. Therefore, it is conceivable that the obstruction in
the flow of material in this region produced high stresses that caused cracking of the
dies. Similar phenomena were observed on the reverse dies, except that the severity of
cracks were reduced significantly, consistent with the impression on the surface of the
reverse die being not as deep as the obverse die. This has an important effect on the die
life as can be inferred from Tables 8 (a-b) and Figs. 8.3 (a-b).
Figs. 8.4 (a-d) show typical crack pattern for obverse PI3 treated, Cr plated and TiN
coated dies. The cracking in the chin area was extended to the nose area for the Cr
plated (Fig.8.4-c) and TiN coated (Fig.8.4-d) dies. However, no evidence of cracking in
the nose was observed for the PI3 die, Figs.8.4-a. A large piece of plating/coating had
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flaked off the nose for both Cr plated and T i N coated dies. A large piece of material
was also detached from the chin area on the Cr plated dies. In the case of the reverse

dies, the Cr plating cracked above the letter 5 (Fig.8.5-a) and the PI3 die near the rim
(see Fig. 8.5-b). No such cracking was observed on the TiN coated reverse die.
It is interesting to compare the above mentioned observations with the operator
comments. In all cases operator had noted that the crack in the chin but the coating

spallation (plating lift off) was only mentioned for Cr plated die. It is also interesti
note that the cracking in the PI3 treated die is very small. Therefore, it is difficult

believe that the cracking was the sole reason for short die life. Both Cr plated and TiN
coated dies, exhibited much more severe cracking. These dies were used for a
considerably longer time (produced more coins), thus it is probable that cracks formed
in the initial strokes continued to grow, but it remained a mystery why PI3 dies were

discarded until further examination of the PI3 treated dies were carried out after coini
operation. It was revealed that the cause of failure was not due to the cracking in the

chin area, but due to the large numbers of inclusions existed in the die steel (see sect
8.3.2).
8.2.3. Evaluation and Failure Mode (s) of Cr-Plated and Coated/Treated Dies
8.2.3.1. Chromium Electroplated Dies
Figs.8.6 (a-b) show stereo micrographs for the obverse Cr plated dies number 19 and
01, respectively. It can be seen that the dies cracked and the Cr-plating was flaked

around the chin, lips, and nose. In other Cr plated dies (eg. die No. 18), fine cracking
was also observed in the hair just below the crown, eyebrow and neck, Figs. 8.6 (c-e).
The high density radiating/stress marks were also observed on the die surface in the
fkU area especially opposite the chin, nose (see Fig. 8.6-a) and behind the head (see
Fig. 8.6-b) and neck (see Fig, 8.6-e).
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Secondary electron micrographs, Figs. 8.7 (a-e) and Figs. 8.8 (a-e), show the field area
opposite the chin, nose and behind the head for the obverse die (corresponding to the
areas previously illustrated in Figs. 8.6 (a-e) at lower magnification), respectively. It
can be seen that there are small radiating marks (grey colour) which resemble adhesive
wear. Moreover, a white film of material built up or smeared material is evident which
concealed the Cr plating and the crazed network cracking pattern (originally developed

during the Cr-plating) and black patches on the die surface. It is interesting to note th
the intensity of radiating marks is much greater near the lettering than in the area in
front of the nose and chin. Considerable amounts of grooves and deep scratches
(gouging) are also apparent in this area. At higher magnification (Fig. 8.7-e), it is
obvious that Cr-plating has been removed by gouging and the die surface is exposed.
The term "gouging" is used when the surface is scratched without ex-foliation of the
plating/coating. When the Cr film is detached from the surface, the term "gouging" has
been used to differentiate it from the grooving.
The radiating marks behind the head were not as severe as the area in front of the chin
and nose. The Cr-plating was only scratched with the deep grooves within the plating
and no evidence of gouging was observed. Furthermore, the intensity of the radiating
marks appears to vary in different places. Fig. 8.7-e also shows that the severity of the
interaction between the die and blank has opened up the cracks on the surface. Figs. 8.8
(a-e), show the low and high intensity radiating marks for the area behind the head at
low and high magnifications, respectively. The grooves appear to be initiated in the
field areas (opposite the head). Material build up in the form of films can also be seen.
It was also observed that the radiating marks formed in the direction of material built up
have two distinct morphologies, speckled and streaked. The speckled marks formed
outside the material built up displayed an adhesive wear appearance, whereas the
streaked marks formed inside the material built up zone appears to be a combination of
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adhesive and abrasive wear. In contrast to the field area in front of nose no significan
gouging was noticed in the area behind the head.

Similar behaviour was observed on the reverse die, except that the intensity of grooves,
material build up (Fig. 8.9) and cracks were reduced and the die life was increased
appreciably compare to the obverse die (see Fig. 8.4-c). However, the flaking of Crplating was identical to the obverse die.
The small radiating marks and white film shown in Figs. 8.7 and 8.8 are locally known
at RAM as stress marks and material pick up. X-ray analysis, Fig. 8.10, confirmed

material pick up, consist of Cu/Ni. A striking feature of the interaction of Cu/Ni blan
with the Cr plating die was the mechanism of adhesion (Fig. 8.8) and in the most severe
cases (opposite the chin) a combination of adhesive and abrasive wear (Figs. 8.7). Due

to the high stresses and material flow during the coining operation, the particles of t
alloy (Cu/Ni) gradually become detached from the blanks and form wear debris. Some
of the particles adhering to the die surface are trapped in the crazed network (cracks)
and penetrated into the open channels (Fig. 8.11). The extent of material built up

increased by gradual transfer of blank materials to the die surface (Figs. 8.6 and Figs.
8.7) which covered the Cr layer and as a result rapidly worn the die surface with the
mixed wear modes (adhesive and abrasive). Thus, the operation had to be suspended
due to severe damage to the coin surface. In other words, the surface of die was
replicated on the coin, rendering it unacceptable to the operator.

In addition, the presence of the micro cracks or crazed pattern formed during depositio
may have played a role in determining the die life, especially for the thicker coating
used for production dies (5-10 um). It is believed that the density of cracks increases
and becomes wider as the punching or coining process is extended for a longer time

(Fig. 8.12), until the plating/coating and the substrate can no longer support the impac

shocks. Consequently, the substrate starts to crack due to cyclic loading and the cracks
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eventually reach the surface and join the existing cracks in the coating. A clear example
of this failure mechanism is shown in Fig. 8.13. It should be pointed out that the
adhesion of the Cr-plated dies are generally not sufficient to arrest the substrate
originated cracks.
In general, the impact loading during coining operation developed cracks in the
substrate which eventually caused the spallation of the plating and the loss of the
impression on the dies. Additionally, the galling or material built up on the dies
severely deteriorated the quality of the coins. Unfortunately, at present time, it is not
possible to rank the important of these two major damage mechanisms.
8.2.3.2. PI3 Treated Dies
Figs. 8.14 (a-b) and Figs. 8.15 (a-b) shown the stereo micrographs of the areas in front
of the face (nose, lips, chin and cheek) and behind the head and crown for obverse PI3
die number 14, respectively. It can be seen that tiny white patches cover the die surface.
At higher magnification, a large number of radiating marks were seen (Figs. 8.14-b and
8.15-b) across the die surface. In addition, a large area opposite the chin and eyes are
covered by a thick film of transferred materials (Cu/Ni).
The reverse die (No. 05), exhibited similar trend in terms of radiating marks and galling,
Figs. 8.16 (a-b). No cracking was observed on either obverse or reverse dies by stereo
microscope.
SEM, micrographs presented in Fig. 8.17 and Figs. 8.18 (a-d) show the field area
opposite the chin, nose and above the crown for the obverse die (corresponding to the
areas previously illustrated in Fig. 8.14 and Fig 8.15 at lower magnification),
respectively. It can be seen that the high density radiating marks (white colour) are in
fact a series of fine undulation with streaked appearance built up which covers the die
surface and appeared by stereo microscope, as white patches. The closeness of these
marks makes them irresolvable at low magnification. It is interesting to note that the
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intensity of radiating marks for the area in front of the face (chin, nose and eye)
increased significantly, compared to the area behind the head, and gave the impression
of a thicker layer of stress marks on the die surface.
Moreover, a large amount of surface pitting (dark area) was observed on the surface of
the die. At higher magnification, a large number of small black holes were observed
(Fig. 8.18-b). Similar pitting behaviour was also observed on the reverse die, but in
addition, close to the rim some cracking was apparent, Figs. 8.19 (a-b). The EDAX

analysis of the pitted surfaces confirmed the presence of silicate and sulphide inclus
(Fig. 8.20). It is, therefore, proposed that the inclusions were shattered under high
cyclic loading. The fragmented pieces were carried away with the blank material.
EDAX analysis (Fig. 8.21) indicated a very small amount (low concentration) of Cu/Ni
built up on the surface. It is also believed that the stress marks or grooves have been

caused by the inclusions. The high local stresses are sufficient to drag the fragments
inclusions on the die surface and develop deeper grooves by a two body or a three-body

abrasive wear mechanism. Two excellent examples, illustrating this effect are shown in
Figs. 8.18 (c-d). However, no sign of material removal from the grooves is evident,
thus suggesting that a two body wear is the most likely mechanism. In other words, the
fragments of inclusions are embedded in the softer blank material and under high
stresses, ploughed into the surface of the die. This suggested that the adhesive wear
was not a prevalent wear mechanism for this die. The EDAX analysis inside the
inclusions detected a higher concentration of Cu/Ni (Fig. 8.22). Furthermore, EDAX
analysis failed to clarify the identity of tiny empty black spots (Fig. 8.18-b) which

ceased the flow of the stress marks. It is believed that they are eroded inclusions, si
carbides usually stand proud of the surface.
The Viking die steel used in this work was not double ESR and only air melted.
Therefore, the steel was dirty in terms of inclusions and of low quality (Figs.8.17 and
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8.18). A large number of non-metallic inclusions were presented at the surface of the
implanted dies. It is well known that implantation is a diffusion treatment and can not

cover or fill the surface discontinuity's such as inclusions and voids. It is proposed tha
the cause of failure of PI3 dies was due to the surface defects (inclusions) originally

existed in the dies. In spite of the increase in surface hardness (Fig. 8.23 for the obver
PI3 treated die), any inclusion at the surface once exposed to coining operation was
shattered and fragmented pieces ploughed into the die surface. The high intensity of
grooves created a furrowed appearance, especially at the area where the majority of the
material flow occurs. This rough surface imprints a rough impression on the blanks,
and hence increased the rate of rejection.
8.2.3.3. PVD TiN Coated Dies
In general, the TiN coatings produced by Surface Technology (ST) had pin holes and
macroparticles, indicating that the dies surface finish were quite rough as compared to
Cr-plated dies. Figs. 8.24 (a-b) shown stereo micrographs of the obverse TiN coated die
number 13 after coining operation. It can be seen that the die was cracked in the chin
and the crack extended to lips and nose. A large piece of the coating also flaked from
the nose, cheek area and the hair. The coating exhibited discolouration behind the lips,
cheek and in the hair below the crown. In other dies (No. 05 and 15), similar behaviour
was also observed, except that a high degree of scratching with white patches in the
direction of flow of material were noticed on the surface of dies (number 05 and 15), see
Figs. 8.25 (a-d). Similar behaviour was also observed on the reverse die, except the
coating was not cracked, see Figs. 8.26 (a-b).
SEM micrographs Figs.8.27 (a-b) show the extent of the cracks on the chin and neck for
the obverse die (corresponding to the areas previously illustrated in Figs. 8.24 and 8.25
at lower magnification). It can be seen that the coating has flaked in the chin, neck and
the pinholes and stress marks on the die surface. Fig. 8.28 shows clear view of the pin
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holes, long scratches and dispersed dark grey film of material built up which covered
the die surface. It is interesting to note that the intensity of radiating marks (white
patches by stereo microscopy) has decreased considerably, compare to PI3 and Cr

plated dies and developed longer stress marks (Figs. 8.29-a-b) but not as deep as the PI
and Cr plated dies, also the coating was flaked inside the stress marks. Similar
behaviour was observed on the reverse die. Pin holes (Fig. 8.30), flaking and excessive
material built up (Fig. 8.31) compared to the obverse dies.
In general, TiN coating produced by the Surface Technology PVD process, exhibited

pinholes (Figs. 8.28 and 8.30 for obverse and reverse dies, respectively), material build
up and stress marks. X-ray analysis of material build up (Fig. 8.31) on the die surface
has detected high concentration of Cu/Ni. The degree of material pick up was greater
than for the other two processes (Cr plating and PI3). This is presumably due to the pin
holes in the TiN coating and increased surface roughness of the TiN coating produced
by ST (Chapter 7.2). Therefore, it was expected to have excessive material pick up
(Fig. 8.30) and much larger stress marks compared to the PI3 treated and Cr plated dies.
The adhesion of TiN coating was good, but the coating had a tendency to sticking due
to high surface roughness of the TiN coating or high affinity of TiN for non-ferrous
materials such as Cu/Ni. The wear of TiN coating occurred by discolouration of the
coating.

8.2.4. PERFORMANCE OF PROOF DIES
Proof coins are struck by dies, which are individually hand polished under the
microscope, using very clean and high quality tool steels. Any defect occurring on the

surface quality, before and after coating/treatment, has detrimental effect on the quali
of proof coins and reduces the die life or increases the rate of rejection.
Until recently, all proof dies used at the RAM were hard Cr-Plated, to prolong the die
life by protecting their surface from damages inflicted during the coining operation.
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However, the Cr-plated dies had to be removed from the press after producing between
300-600 coins, due to the scratches (stress marks) developed on the surface of the dies.
This wear behaviour significantly reduces the die life and often required regular
refurbishment of the die which is time (2-5 hours) consuming and very expensive
($300/die). Moreover, the hardness of Cr-plating is between 900 to 1000 Hv, whereas
PVD TiN coating is between 2500 to 3000 Hv. Therefore the amount of damages/wear
the Cr-plated dies can withstand is hindered due to lower surface hardness compared to
TiN coated dies. Thus, TiN coated dies should perform better and improve the wear
resistance compared to Cr-plated dies.

8.2.5. Examination of Surface Integrity and Die Life
Surface finish on the proof die is of paramount importance and, together with the

surface quality on the blank, controls the final finish on the proof coin. It was therefor
necessary to monitor the surface quality before and after the coining operation. The

surface finish/quality of the dies are usually inspected (2.5x eyepiece) before and after
plating/coating/treatment by the Quality Control Section (QCS) at the RAM and hence
after thorough inspection, the dies are released for coining operation. The service life
of each die is monitored during the coining operation by observing the surface quality
of each coin. The dies are kept in operation until the proof coins produced, deemed
unacceptable by the press operator and replaced with a new die.
Fig. 8.32 shows an optical micrograph taken from the surface of the standard Cr-plated

proof die, the crazed pattern of the layer is clearly visible. Additionally, some hydrogen
bubbles (blisters) were also observed on the surface; an example can be seen in the
lower part of Fig. 8.32, in the far right corner. The average Cr-plated die life was
between 392 to 434 coins/die for obverse and reverse dies, respectively. The die failure
was predominantly stress marks; this type of failure is discussed in section 8.2.5.1.
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P P treatment w a s conducted at A N S T O , using their standard procedure. The treatment
temperature of 300°C w a s selected for all dies, because the results presented in Chapter
6 established that at this temperature significant hardening with m i n i m u m surface
roughening was attainable. Unfortunately, all PI 3 treated dies inspected by the Q C S at
the R A M , failed to meet the mint's specification. T o demonstrate the reason for
rejection of PI 3 treated dies, the surface quality of dies were thoroughly examined.
There are two distinct parts on each die, Fig 8.32. Firstly, there is a highly polished flat
area with a mirror-like finish referred to as "field". Secondly, there is a depressed area
with a "frosty" finish delicately obtained by grit blasting. This depressed area forms the
raised part of the design (e.g. Queen's effigy) on the coin. O n the PI 3 treated dies,
arcing occurred in the field area, Fig. 8.33-a.

Also, severe surface damage and

roughening took place in the frosted area, as a result of sputtering; an example is shown
in Fig. 8.33-b, where surface damage is visible around the periphery of letters "H" and
n-pii

TiN coatings were deposited at the CSIRO and the RAM, using Filtered Arc Deposition
System ( F A D S ) .

All coatings were deposited, using standard procedure (section

7.1.1.2). Taking into account the results presented in chapter 7 (section 7.2), the
substrate bias of 100 volts was chosen for all coatings, because the results obtained
(section 7.2), showed improvement in the adhesion of the coating compared with other
coatings produced at various substrate bias voltages. Therefore, it was expected that
improvement in the adhesion of the coating would increase the wear resistance of TiN
coated dies.
The surface quality of dies after T i N coating was acceptable, so far as the quality control
inspection was concerned, using x2.5 magnifying eyepiece to inspect the dies surface.
Further examination of dies, revealed that T i N coatings were free from any microcracks
compared to Cr-plating. However, optical and S E M examination, identified several
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defects. Figs. 8.34 (a-b) shown colour optical micrographs obtained by differential
contrast. The main defect appears to be the coating flak off, whereby some part of the
coating has separated from the surface and is sitting adjacent to the hole left behind.
The combination of flake and the hole give the impression of a "twin". These defects
will be hereafter referred to as "twinning" defects, Fig. 8.34-b.
SEM, micrograph presented in Fig. 8.35-a, show some "twinning" defect on the top
right hand side together with pinholes. In addition, there were several particles sitting
on the surface. EDS analysis established that these particles are primarily composed of
titanium, Fig. 8.35-c. These defects will be hereafter referred to as "titanium dust",
since it is believed that these particles are carried along with the plasma from the arc
source to the substrate.
In general, the coatings produced by FADS had coating defects, and only 2 out of 10
coatings were found to be almost defect free. Preliminary examination of the FADS arc
source indicated that when the system is stable (substrate current etc), the coating is
almost defect free (Fig. 7.5c) whereas when there is a large fluctuation (more than 5%
in the substrate/beam current) in the process parameters, the coating becomes defective,
Figs. 8.34 (a-b). Further examination of the process parameters have indicated that the
system is unstable manifested by widely varying arc and substrate currents and
numerous triggering. Also, it was found that the system was operating in a very

inefficient (in terms of substrate current, arc current and non-uniform erosion pattern on
the target) manner. It has been claimed

(53 72)

'

that FADS at 100 A arc current should

produce 1 A beam/substrate current. Unfortunately, both systems at CSIRO and the
RAM at best can only produce between 0.3-0.4 A beam/substrate current, using 100 A
arc current. It was also established that the resistance between the anode, cathode and
the earth were inadequate, indicating that the system has a design deficiency.
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8.2. Evaluation and Failure Mode(s) of the Coated/Treated Dies
The Cr-plated and FADS coated dies service life (total number of acceptable coins
produced) as determined by the press operator at RAM, for the production of 100000

proof coins is presented in Table 8.1., for the obverse and reverse 10 cent proof d

respectively. The last column in Table 8.1, highlights the failure mode described b

operator as seen on the coins. It should be noted that 50000 proof set coins were ma
with FADS coated dies and the reminder with Cr-plated dies. The dies and coins were

collected and subjected to a detailed examination by optical and electron microscop
elucidate the failure mode(s).
Table 8.1 Comparison of proof die life between Cr-Plated, PI3 and TiN coated 10
Cent obverse and reverse dies, respectively'
N u m b e r of Time
Number
Average Die Life
Surface
M o d e of
Die's Rel urbished
of Dies Engineering
Failure
Used
Reverse
Obverse
Technologies
Obverse
Reverse

392

6 Pairs

Cr-Plating

4 Pairs

PI 3 (300 C )

6 Pairs

TiN Coating

8.2.1.1.

Cr-Plated Dies

434

Quality of finish was not
acceptable (see section 8.1)
1963

1963

127

115

Stress
Marks

N/A

N/A

N/A

25

25

Wear

The hard chromium plated dies performed as expected and the total coins produced
were close to the average obtained by RAM during normal production runs. Generally
the reverse dies (434 coins) produced more coins than the obverse side (392 coins).

reason for this behaviour is directly related to the field areas on the reverse and

dies. The larger the field area on the obverse dies is more vulnerable to damage th
smaller field area on the reverse side.
The dominant mode of failure (reported by the operator for both obverse and reverse

dies) were "stress marks". Fig. 8.36 shows typical stress marks observed on the sur
of Cr-plated dies. It appears that these marks are formed by an abrasive wear
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mechanism involving deep scratching and gouging of the surface (section 8.1.2.3). It is
interesting to note that these marks consist of a long streak which is always followed by
three dots. It is believed that the four segments (long streak and three dots) of stress
marks are formed during the four blows used by the press to make the coins.
The exact reason for the formation of "stress marks" or perhaps more correctly the
gouging marks are not fully understood. One possible explanation is that inclusions
and/or loose particles on the surface of the blank materials are squeezed out of the
blanks during coining operation. The hard inclusions can then accumulate on the die
surface and scratch the die surface, through a two or a three-body abrasive wear
mechanism(s). Alternatively, it is not entirely inconceivable that dust particles present
in the proof room could sit on the surface of dies or blanks and cause gouging during
coining operation.
Irrespective of the exact cause of "stress mark", it is imperative for the die surface to
have high wear (abrasion) resistance. Hard chromium plating has a typical hardness of
900 Hv which is evidently not sufficient to reduce or eliminate the possibility of
abrasive wear. The accumulated damage by stress marks after producing few hundreds
coins, ultimately renders the surface of die unacceptable and makes it unsuitable for
further production.
8.2.2.2 TiN Coated Dies
On the other hand, it has been demonstrated that when the TiN coating is defect free, at
least 5 times improvement in the die life can be achieved compared to the Cr-plated dies
(see Table 8.1). For certain test runs improvements as high as 10 times have also been
recorded. The TiN coating is responsible for this improvement in the die life and/or
wear resistance.

In addition, the defect free TiN coatings, maintains the original finish (see section 7.2.
and after coining operation showed no trace of stress marks on the die surface even after
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producing between 2000 to 4000 coins. This improvement in the die life by FADS
coating has greatly reduced the refurbishment time, down time, and on/off job cleaning.
Interestingly, the obverse and reverse dies used in these coining trials had identical
performance and the rejection criterion was cited as "wear" instead of stress marks.
Further examination of the frosted area showed signs of a change in the contrast by
becoming shiny (worn). Figs. 8.37 (a-b), show the quality of acceptable and rejected
coins, respectively. An acceptable and/or good quality finish coin should have a dull

frosted surface finish, Fig. 8.37-a., and the image should be clear without any distorte
and/or loss of details, Fig. 8.37-b. When the frosted area on the coin becomes shinny
(Fig. 8.37-c), indicates that the die has been worn out (Fig. 8.37-d) and hence the die
removed from the press and replaced with a new die. Additional analysis of this failure
mechanism has been carried out, but it is thought to be related to the movement of the

substrate material and/or die steel below the coating (see general discussion, it should
nitride). Other hypothesis is that the frosted area becomes compacted due to prolong
coining operation (2000-4000 coins/die) and consequently the frosted area become
shiny (wear). No such a failure has ever been observed and/or reported on the Cr-plated
dies, because the dies are usually damaged (stress marks) after producing between 400
to 600 coins, before showing any sign of wear.
Further examination of the TiN coated dies in the field area, revealed the presence of
stress mark on the die surface after both dies producing 2480 coins. An example is
shown in Figs. 8.38 (a-b). It should be pointed out that the intensity and frequency of
stress marks on TiN coated dies were significantly reduced compared with those on Crplated dies which appeared on the dies after producing 400 -600 coins. TiN coating has

a hardness of about 2500 Hv and therefore has substantially more abrasion resistant than
Cr-plating.
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Large material build up was also noticed on the frosted area of the die after producing
2480 coins. Fig. 8.39-a depicts an example of this material build up, indicating that
blank material has been smeared over the surface. SEM micrograph (Fig. 8.39-b),
clearly indicates the smearing of material and the associated EDS analysis (Fig. 8.40)
confirmed the smeared material to contain copper and nickel and unequivocally proves
the presence of coin material on the die.
The smeared material appeared as a shiny spot on the surface of the die. A
corresponding shiny spot was also observed on the coin and this was taken as a sign of
"wear" by the operator, hence, rejecting the die.
Smeared material is a direct result of adhesive wear or galling. Due to the high stresses
involved during coining operation and significant material flow, pieces of the blank
material (Cu/Ni) gradually become detached from the blank surface and adhere to the
frosted area on the die. Transferred material is smeared over the surface during
subsequent coining operations. Gradual transfer of blank materials to the die surface
therefore, increases the extent of material built up on the dies. The build up materials
then acts as an extra feature on the die surface and is imprinted on the coin. At this
stage the coins become unacceptable and the operation had to be suspended due to
severe damage to the coin surface.

8.3. CONCLUSIONS
These coining trials can be best summarised in two parts. The first part deals with the
production dies and the second parts with the proof dies, respectively.
8.3.1. Production Dies

The damage and/or failure to the production dies can be generally classified as substrate

cracking (fatigue), abrasive wear (ploughing) and adhesive (galling or material transfer).
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Substrate cracking was a dominant mode of failure, due to the coining pressure
exceeded the compressive strength of the die steels and thus resulted in substrate
cracking.
In order to increase the compressive strength of the die steels and prevent substrate
cracking, all the production dies should be PI3 or plasma nitride.
Cr-plated dies were prone to cracking, and exhibited moderate ploughing (abrasive
wear) and galling (adhesive wear), indicating that brittle material is not suitable for
coinage dies. The high internal stress, crazed pattern and poor adhesion of Cr-plating
could all combine to reduce its resistance to cracking. In addition, the moderate
hardness of Cr-plating incurred moderate resistance to ploughing.
PI3 treated dies, although were harder than Cr-plated dies, but showed severe ploughing,

due to a large amount of exposed inclusions on the surface of the dies. It is obvious that
in order to use PI3 treated dies, a very clean surface is required or the PI3 treated dies
should be TiN coated after PI3 treatment. This work is discussed in a more detail in the
following section (proof dies).
TiN coated dies produced by Balzers process, exhibited pin holes, macroparicles and the
quality of the coating was too rough, indicated that the coating could not be used for a
precision application such as proof coinage dies. However, it was evident that TiN
coating could improve the wear resistance of the production dies.
8.3.2. Proof Dies

PI3 treated dies failed the quality control inspection at the RAM, due to the arcing in the
field area and severe surface damage/roughening took place in the frosted area, due to
the sputtering effect of PI3 treatment.
The damage and/or failure mode(s) to the Cr-plated and TiN coated proof dies can be
generally classified as stress marks and wear, respectively.
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The Cr-plating had microcracks (crazed pattern), whereas TiN coatings were free from
any microcracks.
Cr-plated reverse dies produced an average of 434 coins and obverse side produced 392
coins.
TiN coated obverse and reverse proof dies had identical performance and the rejection
criterion was cited as "wear" instead of stress marks. The defect free TiN coatings
improved the die life by at least 5 times (2000 coins/die) compared to the hard Cr-plated
dies.
Improvement in the die life by FADS can greatly reduce the refurbishment time, down
time, and on/off job cleaning at the RAM.
2 out of 10 TiN coated dies had coating defects, the main coating defects were flaking,
pinholes, titanium dust and twinning.
Preliminary examination of FADS indicated that the process is unstable, manifested by
widely varying process parameters (eg. arc and substrate currents, numerous triggering),

and had a design deficiency. These irregularities effected the quality of the coatings. I
addition, FADS at best produced 0.3-0.4 A beam/substrate current, using 100 A arc
current compared to 1 A beam/substrate current, using 100 A arc current.
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Fig. 8.1.

The implantation heating cycles employed for obverse and reverse dies.
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Fig. 8.2. The implantation doses employed for obverse and reverse dies.
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Obverse dies hobbed with X W
Die N°.

Treatment/
Coating

1/2001 *
1/2002
1/2003
1/2004
1/2005
1/2006
1/2007
1/2008
1/2009
1/2010
1/2011
1/2012
1/2013
1/2014 *
1/2015 *

Cr
TiN
Cr
TiN
TiN
Cr
Cr
Cr
Cr
PP
TiN
PP
TiN
PI3
TiN

1/2017
1/2018 *
1/2019 *

Cr
Cr
Cr
Cr

1/2020 *

Cr

1/2016

Die
Life Pressing
xlOOO
pressure.
(Tonnage)

Speed
storks/min

Failure
mode

521
287
371
32
332

50
50
50
50
50

650
650
650
650
650

X
W
W

141
221

50
50

650
650

X
W

w
z

10.
Operator c o m m e n t s
o n the cause of
failure.
Cracked in chin
Cracked in chin and piece
out.no evidence of flaking
Plating naked in chin
once chin cracked
Coating defect
W o r n and cracked in chin
Rejected: Holes in die.
Cracked in chin
Cracked in chin
Short die

16
261
19
215
24
270

50
50
50
50
50
50

650
650
650
650
650
650

371
214
524
374
478

50
50
50
50
50

650
650
650
650
650

W
W

w
W
W
W

z
X
W
W
W

Cracked in chin
Cracked in chin
Cracked in chin and no
evidence of flaking
Crack in chin and no
evidence of flaking
'
Cracked in chin
Cracked in chin and
coating worn off in some
area, no flaking.
Plating flaked in free area
and cracked in chin.
Cracked in chin
Cracked in chin
Plating flaking in chin
area and cracked in chin
Plating lifted around chin
crack in chin

Letter W represents worn areas.
Letter Z represents materials loss
Letter X represents cracks
Average P I 3 die life was 20000 pieces
Average PVD TiN die life was 273,000 pieces
Average hard Cr plating die life was 357,000 pieces

a) Obverse Dies
TABLE 8 (a-b). Service life (total number of coins produced per die) of
production obverse dies.
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Reverse dies hobbed with X W
Die N ° .

Treatment/
Coating

Die
Life Pressing
xlOOO
pressure.
(Tonnage)

1/8101

TiN

212

50

1/8102

TiN

189

1/8103

Cr
PI3
PI3
Cr

1/8104
1/8105 *
1/8106
1/8107
1/8108
1/8109
1/8110*
1/8111
1/8112
1/8113
1/8114
1/8115
1/8116
1/8117
1/8118
1/2019 *
1/8120

Speed
storks/min

Failure
mode

50

650
650

w
w

323
29
78
251

50
50
50
50

650
650
650
650

X

TiN
PI3
TiN

265
41
375

50
50
50

650
650
650

TiN
Cr
Cr
Cr
Cr
Cr

503
486

50
50

650
650

541
254
225

50
50
50

650
650
650

50
50
50
50

650
650
650
650

Cr- -

583
120
629
210

Letter W represents worn areas.
Letter Z represents materials loss
Letter X represents cracks
Letter W/Pl represents plating worn off or flaked.
Average P I 3 die life was 49000 pieces
Average PVD TiN die life was 292,000 pieces
Average Cr plated die life was 411,000 pieces

b) Reverse Dies
TABLE 8 (a-b). Continued.

Operator c o m m e n t s
on cause of failure.
Balance wom, crack top
R/H claw.
Small area of plating
flaked, w o m and crack in
head and top R/H.
Crack in head (rim under
letter 5

W/Pl
W/Pl

Wom
wom

z
w

Crack in head and plating
w o m and flaked at L/H
claw
Balance wom, crack top
R/H claw

W/Pl

w
w
w

Coating considerably
w o m off by adhesive or
cohesive mechanism
Balance worn, crack in
top R/H claw and head
Crack in box and plating
J
worn
End of m n

z

crack in head, plating
wom .
Crack in head, over rim
and under letter 5.
Plating worn, flaked in
head.
End of run

X
P/L

.. .. .

Cr
Cr
Cr
TiN

10.

w
O.K
W
W

crack in head and plating
worn off.
End of run
W o m in head and plating
worn
coating, no
Worn
evidence of flaking. Crack
top R/H claw.
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Maximum
die life

Minimum
die Hfe

. Cr Plating

S

(

3
PI

Average die life

l~I
TiN coating

F^S
i

•

100

200

••-—

i —

300

•

— r

--—

400

i •

•

500

1

1

600

1

700

Total No. of Coins x 1000.
a) Obverse Dies

Maximum
die life

Minimum
die life

pr

Average die life

•••*
£*____

TiN coating

£
— i —

100

200

300

r—
400

— i —

500

600

700

Total No. of Coins x 1000.
b) Reverse Dies
Figs. 8.3 (a-b).

T h e minimum, average and m a x i m u m die life (total number of coins
produced per die) for obverse and reverse production dies.
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a) PI3 treated die (No. 1/2014).
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Mag". 30x

b) Same as above, but at higher Mag n . 75x
Figs. 8.4(a-d). S. E. micrographs of obverse production dies for PI3 treated, Cr-plated
and P V D TiN coated dies, respectively.
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c) Cr-plated die (No. 1/2020).

d) TiN coated die (No. 1/2015).
Figs. 8.4(a-d). Continued.

214

Mag". 30x

Mag". 30x
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a) Cr-plated die (No. 1/2019).
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Mag". 30x

b) PI3 treated die (No. 1/8105).
Mag". 50x
Figs. 8.5 (a-b).S. E. micrographs of Reverse production dies for PI3 treated and Crplated dies, respectively.
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a) The face (die No. 1/2019)

c) The eye brow (die no. 1/2018)
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b) Behind the head (die No. 1/2001)

d) The hair (die no. 1/2018)

e) The neck (die no. 1/2018)
Figs. 8.6 (a-b). Stereo micrographs of Cr-plated obverse production dies. .
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a) Mag". 30x

b) Stress marks at low intensity
M a g 50x
Figs. 8.7 (a-e).S.E. micrographs of obverse Cr-plated production die (number 1/2019),
showing the area opposite the chin
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c) Same as b), but at higher Mag". lOOx

d) Stress marks at high intensity
Figs. 8.7 (a-e). Continued.

Mag". lOOx

Coining Trials
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e) Same as d), but at higher Mag". 800x
Figs. 8.7 (a-e). Continued.
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a) Mag". 30x

Mag n . 1 OOx
b) Stress marks at low intensity
Figs. 8.8 (a-e). S.E. micrographs of obverse Cr-plated production die (number 1/2019),
showing the area behind the head.
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%

m

__J__

c) Same as b), but at higher Mag". 400x

d) Stress marks at high intensity
Figs. 8.8 (a-e). Continued.

Mag". lOOx
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e) Same as c), but at higher Mag". 400x
Figs. 8.8. (a-e). Continued.
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Mag". 50x

Fig. 8.9.

S.E. micrographs of reverse Cr-plated production die (number 1/2020),
showing the area close to the claw.

Fig. 8.10.

E D X A of Cr-plated die (1/2020), showing material pick up (Cu/Ni).
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Fig. 8.11.
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Mag". 2000x
S.E. micrograph of Cr-plated die showing the channel cracks.

\
'

.

Fig. 8.12.

J

Mag". 2000x
S. E. micrograph of Cr-plated die showing the channel cracks (microcracks) formed during plating.
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Mag". lOOOx
S. E. micrograph of Cr-plated die showing micro-cracks formed on dies.
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b) at higher magnification

a) The face
Figs. 8.14 (a-b).

Stereo micrograph of obverse production die (die no. 1/2014), PI
treated die, snowing area in front of the face.

a) Behind the head
Figs. 8.15 (a-b).
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b) Above the crown

Stereo micrograph of obverse production die (die no. 1/2014), PI
treated die, showing area behind the head.
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a) Above the letter 5
Figs. 8.16 (a-b).

b) at higher magnification

Stereo micrograph of reverse production die (no. 1/8105), PI3
treated die.

a) Behind the head
Fig. 8.17.
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Mag". 400x

S. E. micrograph of obverse production die (die no. 1/2014), PI
treated die.
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,*»

'•Jf

r45*
Mag". 200x

a) Above the crown.

\f .-A

Figs. 8.18 (a-d).

b) At higher mag". 2000x
3
S. E. micrographs of obverse production die (die no. 1/2014), PI
treated.
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c) Opposite the face.
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Mag". lOOOx

d) Same as c), but at higher mag". 2500x
Figs. 8.18 (a-d). Continued.
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a) Close to the rim.

230

Mag". 750x

b) Same as above, but at higher mag". 1200x
Figs. 8.19 (a-b).

S. E. micrographs of reverse production die (die no. 1/8105), PI
treated die.
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Fig. 8.21.
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E D X A of PI 3 treated obverse die, showing the inclusions peaks.

E D X A of PI 3 treated die, showing very small amount of material built up

(Cu/Ni).
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E D X A of PI 3 treated obverse die, showing material built up inside the
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Fig. 8.23.

K n o o p microhardness of PI3 treated obverse production die.
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a) The face.
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b) The hair.

Figs. 8.24 (a-b). Stereo micrographs of obverse TiN coated die (No. 1/2013).

a) The face (No. 1/2013)
Figs. 8.25 (a-d).

b) Behind the hair (No. 1/2013).

Stereo micrographs of obverse TiN coated dies (No. 1/2013 and
1/2005, respectively).
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c) The face (No. 1/2005).
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d) Behind the hair (No. 1/2005).

Figs. 8.25 (a-d). Continued.

*% : i

a) Letter 5.
Figs. 8.26 (a-b).

b) At higher magnification.
Stereo micrographs of reverse TiN coated die (No. 1/8110).
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a) Crack in the chin.
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Mag". 300x

Figs. 8.27 (a-b). S.E.micrographs of obverse TiN coated die (No. 1/2005).

Figs. 8.27 (a-b).

b) The neck
Continued.

Mag". 300x.
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Mag". 300x
Fig. 8.28.

S. E. micrograph of obverse TiN coated die (No. 1/2005).
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a) Opposite the face.

Figs. 8.29 (a-b).
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Mag". 300x

b) At higher Mag". lOOOx
S. E. micrographs of obverse TiN coated
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a) Pin holes on the claw.

Figs. 8.30 (a-b).
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Mag". 60x

b) At higher Mag". lOOOx
S. E. micrographs of reverse TiN coated die (1/8110).
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Mag". 500x
S. E. micrograph of reverse TiN coated die (1/8110), showing the extent
of material built up.
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&

a) Crazed pattern.

Mag". 500x

b) Field and frosted areas
Magn. 30x
Figs. 8.32 (a-b). Optical micrographs of Cr-plated proof dies, showing the crazed
pattern and thefieldand frosted areas.
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a) Arcing effect.

Mag". 70x

b) Sputtering effect

Magn. 70x

Optical micrographs of obverse PI3 treated proof dies, showing
arcing and sputtering effect, respectively.
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a) Flaking, and pinholes.

b) Twinning

Figs. 8.34 (a-b)
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Mag. 250x

Mag. 250x

Optical micrographs of obverse F A D S (TiN) coated proof die,
showing the surface defects (pin holes and twinning), respectively.
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a) Twinning, and pinholes.

L- SEI

EHT- 20.0 KU
20.0|im I
TIN coated die no. 139

b) Ti dust
Figs. 8.35 (a-c).

WD- 21

242

Mag". 2000x

flflG- X 2.00 K PHOTO- 24

Mag". 2000x

S. E. micrographs of F A D S (TiN) coated proof die, showing the
surface defects (pin holes, twinning and Ti dust) and E D S ,
respectively.
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c) E D S analysis of titanium dust
Figs. 8.35 (a-c).

Continued.

50DX

Fig. 8.36.

Optical micrograph of obverse Cr-plated proof die, showing the stress
marks on the die surface.
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a) Acceptable coin (dull surface finish).

b) S a m e area, but at higher Mag".
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Magn. 20x

lOOx

Figs 8 37 (a-d)
Optical micrographs of obverse proof coin, showing the surface
finish of an acceptable and rejected coins, respectively.
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c) Rejected coin (shinny surface finish).

d) S a m e area, but at higher Mag". lOOx
Figs. 8.37 (a-d).

Continued.
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Mag". 20x
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a) L o w intensity stress mark.

Mag". 500x

b) At higher Mag". lOOOx
u „<• ^iwrce F A D S (TiN) coated proof die after
Figs 8 38.
Optical micrographs of obverse ^ A U M i u ;
8
coining operation, showing the stress marks.
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Mag". 300x

a) Optical.

b)SEM

Figs 8 39 (a-b). Optical and S. E. micrographs of 10 cent Reverse F A D S (TiN) coated
rigs. 8.3V (a 0). u p ^ ^ coiningoperat.o^ ghowing ^ matenalbmlt up
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E D S analysis of material built up on 10 cent Reverse F A D S (TiN) coated
proof die after coining operation, showing Cu/Ni peaks.
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9.0 CONCLUSIONS, PRACTICAL IMPLICATIONS an
FUTURE W O R K
In the following sections, the most important conclusions for different parts of this
have been presented. The practical implications of these findings on coin making
process have also been briefly discussed. Finally, some recommendations regarding the
future work have been presented.

9.1. Tool Steels
Based on extensive microstructural characterisation and some fractographic

examinations of the different tool steels carried out in this work, and considering ot

requirements for coinage die and its heat treatment and surface engineering, the Vikin
tool steel (a medium carbon shock resistant tool steel) was found to be the most
optimum material for proof coinage dies.
The double electro-slag refined Viking tool steel employed in this work, resulted in
extremely low level of segregation and elimination of inclusions, banding and
associated large primary carbides. The absence of these defects meant that excellent

polishing results could be obtained for this steel. Further, the cleanliness of this s
resulted in good fracture toughness. Perhaps more importantly, the presence of 8%

chromium in this steel and the resulting secondary tempering characteristics allowed a

high tempering temperature (540°C) to be employed. This, in turn, ensured the stabilit
of microstructure during surface treatment/coating processes which were conducted at

up to 400°C. Therefore, Viking steel met all the stringent requirements of the RAM for

proof coinage dies and is a serious contender as a suitable candidate for this applic
Other shock resistant steel (SI and S100) and air hardening grades (A2A and A6A)

exhibited severe banding, and brittle fracture, rendering them unsuitable for coinage
applications. Although no segregation or banding was evident in the microstructure of
powder metallurgy grade ASP23 high speed steel, the presence of a large number of
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pores that were aligned in the hot working direction, effectively provided weak sites f
brittle fracture and eliminated this steel from further consideration.

9.2. PI3 Treatment
The surface roughening induced by PI3 treatment was found to be unacceptable for

proof dies. The origin of this roughening has been previously discussed in more details
and is believed to have been caused by the sputtering effect of high energy ions. The
implantation of high energy nitrogen ions into the steel and its subsequent diffusion,
however, was found to be a very effective means of developing deep hardened layer.

This deep hardened layer, in turn, significantly improved the load bearing ability of t
layer and immensely improved the tribological properties of the surface.
Based on these findings it is strongly recommended that the future work should

concentrate on duplex treatment whereby the PI3 is used initially to develop a thick and
hard surface layer. Final polishing of the die would be carried out subsequent to PI3

treatment to remove the roughening effect. Finally, the TiN coating is deposited on the
die.

9.3. PVD TiN Coatings
TiN coatings produced by ST (Balzers), exhibited defects in the form of pinholes and
microdroplet, increasing the surface roughness of the die to an unacceptable level. It
believed that these defects are inherent to this process and cannot be eliminated.
Moreover, the sputter cleaning cycle employed in this process resulted in unacceptable
roughening for proof dies.
In contrast, some of the FADS coated dies were free from any defects whilst others

exhibited pinholes and defects. These defects are believed to be extrinsic to the proce
and formed because of lack of process control and instability in the operation of the
system.
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The most unexpected result of this work is the fact that the un-coated specimens were

worn less than the TiN coated specimens in simulated tribological testing. Since, this

result is contrary to the results of actual coining operations, it is concluded that p
disc is not an appropriate simulation test for coinage dies.

9.4. Coining Trials for the Production Dies
Cr-plated dies were found to be prone to cracking, and exhibited moderate ploughing
(abrasive wear) and galling (adhesive wear), indicating that this brittle material is

suitable for coinage dies. The high internal stress inherent in this process, manifest
the crazed pattern, and poor adhesion of Cr-plating combined to reduce its resistance

spallation. In addition, the moderate hardness of Cr-plating was inadequate to incur a
resistance to abrasive wear.

PI3 treated dies, although were harder than Cr-plated dies, but showed severe ploughing
due to a large amount of exposed inclusions on the surface of the dies. It is obvious

in order to use PI3 treatment, a very clean surface and/or steel (double ESR) is requir
TiN coated dies produced by Balzers process, exhibited pin holes, macroparicles and
the quality of the coating was too rough. However, the adhesion of coating was good,
but the coating had a tendency to sticking due to high surface roughness of the TiN
coating or high affinity of TiN coating for non-ferrous materials such as Cu/Ni. The
average dies life for TiN coated dies were between 250 to 300 thousand coins/die
compared to Cr-plated dies which were between 350 to 400 thousand coins/die.
However, it was evident that TiN coating could improve the wear resistance of the
production dies. It is recommend that the future work should concentrate on applying
defect free TiN coating on production dies.

9.5. Coining Trials for the Proof Dies
The most encouraging result of this work is that FADS coated dies outperformed the
chromium plated dies by a factor of 3-5 times. Whereas, the chromium plated dies
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needed refurbishment after producing 300-600 coins, indicating that FADS coated dies
yielded 1500 coins/die.
The high hardness of TiN coating, undoubtedly played an important role in this regard.
Therefore, a super-smooth and highly adherent TiN coating devoid of any defects could
indeed enhance the die performance.
The most disappointing aspect of this work, however, was the inability to reproduce

these coatings on a repeatable basis. The malfunctioning of critical parts of the system
rendered achievement of consistent results very difficult, if not impossible. In spite
numerous attempts to overcome the apparent instability of the FADS, no major progress
could be achieved. In general, under the best operating regimes, only 1 out of 10
coatings produced were almost defect free and the process parameters were not
reproducible. These technical hitches have greatly reduced the usefulness of FAD

process in the minting industry. It is believed that major modifications to the design o
the arc source and filter are required before a stable operating regime could be

established. Furthermore, it is imperative to utilise computer monitoring and control t
improve the reproduceability of the process and eliminate the defects in the coatings.
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Appendix

APPENDIX A
Glancing Angle X-Ray Diffraction
Grazing incidence or glancing angle X-ray diffraction is a powerful method for the
detection of surface or near surface phases on materials. The machine used in this
project was a Siemens D500 diffractometer, employing a fixed angle grazing incident

beam of 1° and a controlled scan of the diffracted beam from 40 to 60 degrees, as in F
1. This method is well suited to the analysis of thin surface films(l).

Monochroma4br.

Fig. 1.

Schematic of the glancing angle diffractometer.

The sample to be analysed is fixed onto a rotating stage, and a beam of monochromatic

x-rays impinges on the samples surface at any angle a greater than 0 and typically les
than 2.0 degrees(2>. The sample rotation avoids any effects from crystallographic
texturing. Spectra are performed at a constant a angle, whereas the detector scans

through a predetermined range of 29 angles. Sollers slits on the diffracted beam (Fig.

reduce the Bragg peak widths by beam collimation'2'. This is particularly useful at lar
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20 angles where the x-rays no longer focus at the receiving slit. An Si-Li solid detect
preceded by a monochromator crystal permits the elimination of iron fluorescence'3*.
The effective surface area analysed is about 100 mm^

(2)

.

Increasing the glancing incident angle a through the range of 0 to 1.5 degrees changes
the thickness of the surface layer analysed, from about 5 to 100 nm respectively. Beam
penetration as a function of incident angle is shown in Fig. 2 and it can be seen that
one degree incident angle enables a layer of about 70 nm to be analysed, this is
dependant on the incident wavelength used. Angle of incidence is generally limited by

a critical angle of incidence, below which total reflection occurs; in Fig. 2 a critica
angle of about 0.3 degrees is indicated.

o

Fig. 2.

0.5
1
Incident angle a (deg.)

Evolution of the penetration depth as a function of incident angle0'

Once a full scan has finished, a peak location facility in the associated computers'

software allows the relevant peak locations to be overlaid on the diffraction pattern
enabling peak matching to those of the appropriate phase.
This technique has the advantages of being non-destructive, and providing direct

crystallographies analysis of the surface composition™ enabling the differentiation o
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phases with similar or identical composition. Also, the degree and type of micro-stress
in known surfaces can be quantified by this method. As such, it is ideally
complimentary to AES and GDOS surface analysis.
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Appendix 6
Ball Cratering
Manufacturers who are involved with surface coating are commonly confronted with the
problem of the measurement of the thickness of thin coatings. There are m a n y ways to
measure the coating thickness. These are surface profilometry, beta back-scatter, x-ray
fluorescence, and ball cratering. Beta back-scatter and x-ray fluorescence are non-destructive
techniques, but they do depend upon the density of the coating, which, depending on the
preparation method, m a y vary. For instance, the presence of inter columnar voids in T i N
greatly reduces the density. Nevertheless, these techniques have found some use for thick
films, usually deposited by Chemical Vapour deposition ( C V D ) , but are generally liable to
large errors for thin coatings.

This technique is based on the spherical abrasion method. A steel ball with diamond past
it is rotating against the surface of the coated part by a shaft with V-groove shape. Hence the
diamond paste wears a hole through the coating, and the thickness of the coating is related to
the radius of the wear scar of the substrate material compared to the radius of the overall wear
scar. T h e equation that relates these measurements is:

XY
Thickness (E)

Db
Where

X is the difference between the radius of the overall wear scar and the radius of the
substrate material;
Y is the s u m of the two radii;
D b is the diameter of the ball used to create the wear scar (25.4 m m )

X and Y were measured with the aid of an optical microscope using the procedure shown
schematically below.
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The schematic views of the crater profile.

